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ABSTRACT 

Chandra X-ray observations routinely resolve tens to hundreds of low-mass X-ray binaries (LMXBs) per galaxy in nearby 
massive early-type galaxies. These studies have raised important issues regarding the behavior of this population of remnants 
of the once massive stars in early-type galaxies, namely the connection between LMXBs and globular clusters (GCs) and the 
nature of the LMXB luminosity function (LF). In this paper, we combine five epochs of Chandra observations and one central 
field Hubble Space Telescope Advance Camera for Surveys observation of NGC 4697, one of the nearest, optically luminous 
elliptical (E6) galaxies, to probe the GC-LMXB connection and LMXB-LF down to a detection/completeness limit of 0.6/1.4 x 
10 37 ergss _I . We detect 158 sources, present their luminosities and hardness ratios, and associate 34 LMXBs with GCs. We 
confirm that GCs with higher encounter rates (T/,) and redder colors (higher metallicity Z) are more likely to contain GCs, and 

VQ^"* +0 20 

find that the expected number of LMXBs per GC is proportional to T h 015 (Z/Zq) 50 -" ! 8 , consistent with fainter X-ray sources in 
Galactic GCs and LMXBs in Virgo early-type galaxies. Approximately 1 1 ± 2/8 ± 2% of GCs in NGC 4697 contain an LMXB 
at the detection/completeness limit. We propose that the larger proportion of metal-rich GCs in NGC 4697 compared to the 
Milky Way explains why these fractions are much higher than those of the Milky Way at similar luminosities. We confirm that a 
broken power-law is the best fit to the LMXB-LF, although we cannot rule out a cutoff power-law, and argue that this raises the 
possibility that there is no universal form for the LMXB-LF in early-type galaxies. We find marginal evidence for different LFs 
of LMXBs in GCs and the field and different spectra of GC-LMXBs and Field-LMXBs. 

Subject headings: binaries: close — galaxies: elliptical and lenticular, cD — galaxies: star clusters — globular 
clusters: general — X-rays: binaries — X-rays: galaxies 



1. INTRODUCTION 

Observations with the Einstein Observatory revealed 
that early-type gal axies can be luminous X-ray sources 
dForman et al.lll985t) . Prior to the launch of the Chandra X- 
ray Observatory, observations of X-ray faint galaxies, galax- 
ies with relatively low X-ray-to-optical luminosity ratios, in- 
dicated the presence of two distinct spectral components: a 
soft (~ 0.2 keV) comp onent dFabbiano et alJ[T994t iPellegrinil 
Il994t iKim et alj 11999) and a hard (~ 5-10keV) component 
(Matsumot o et alJl 19971) . The soft component was attributed 
to hot interstellar gas an d the hard com ponent to low-mass 
X-ray binaries (LMXBs; IKim et aljfl992h . Starting with the 
Chandra X-ray Obse rvatory observation of the X-ray faint el- 
liptical, NGC 4697 dSarazin et alj|2000l l200ll hereafter Pa- 
pers I and II), this picture has been confirmed; the major- 
ity of X-ray emission in X-ray faint early-type galaxies has 
been resolved into X-ray point sources, whose properties are 
consistent with LMXBs. With its ability to resolve LMXBs 
and accurately measure their positions, Chandra has raised at 
least two major issues regarding the behavior of the LMXBs 
as a population, namely the connection between LMXBs and 
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globular clusters (GCs) and the nature of the LMXB luminos- 
ity function (LF). 

From Chandra, a high percentage (~ 20 - 70%) of 
LMX Bs have positions coincident with glo bular clusters 
(GCs. lAngelini et al.ll200lt ISarazin et al.ll2003l) : only ~ 10% 
of Milky Way LMXBs are found in GCs. This raised the ques- 
tion as to where LMXBs in early-type galaxies formed. One 
early suggestion was that all LMXBs in early-type galaxies 
formed in GCs, with LMXBs observed to be in the field of 
the galaxy (Field-LMXBs) having escaped from GCs through 
supernovae kick velocities, stellar dynami cal processes, or th e 
dissolution of the GC due to tidal effects dWhite et al.ll2002l) . 
Later analyses have suggested that a significant fraction o f 
Field-LMXBs were formed in situ dJuettl 120051: llrwinl 120051) . 
although there is evidence that more Field-LMXBs in lenticu- 
lar galaxies, as opposed to elliptical galaxies, ma y have orig - 
inated in GCs and later escaped into the field (llrwinl 120051) . 
The extent to which LMXBs can be used to probe GC for- 
mation and evolution, as well as LMXB formation, depends 
critically on understanding the GC/LMXB connection. Given 
that the primary binary formation scenario in GCs is thought 
to involve dynamical interactions, as opposed to the predomi- 
nantly primordial nature of binaries formed in the field, these 
different populations should trace different LMXB formation 
histories and may trace different star formation histories in 
early-type galaxies. 

Chandra has also explored the LF of LMXBs. At the 
bright end of the LF of NGC 4697, a possible break near 
th e Edding ton limit of a 1.4M Q neutron star (NS) was found 
in iPaper II This break was argued to be due to the pres- 
ence of two LMXB populations, a black hole (BH) popu- 
lation at the bright e nd, and a predominantly NS popula- 
tion at the faint end. iBildsten & Delovd d2004 argued that 
such a break may be due to ultracompact binaries. Although 
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lKim & Fabbianc] d2003l) argue that no break was required in 
NGC 4697 after correcting for incompleteness, they do find 
that a break near 5 x 10 38 ergss _I gives an improved fit com- 
pared to a single power-law for a uniformly selected, in- 
completeness corrected sample of 14 e arly-type galaxies. At 
the faint end, IVoss & Gilfanovl (120061) found that the LF in 
Cen A flattens significantly below 5 x 10 37 ergss _1 and fol- 
lows the dN/dL oc L~ l law in agreement with the behavior 
found for LMXBs in the Milky Way and the bulge of M31. 
One interpretation of this break in the Milky Way LF is that 
there are two populations of short (< 20 hr) period LMXBs: 
those where magnetized stellar winds dominate mass trans- 
fer, and those where gravitatio nal radiation drives the accre- 
tion dPostnov & Kuranovll2005l) . Measuring and understand- 
ing the LF of LMXBs in early-type galaxies has clear impli- 
cations in our understanding of the number and type of binary 
systems that make up the zoo of LMXBs. 

As more LMXBs are detected and characterized, more ex- 
amples of extragalactic LMXB candidates with extreme be- 
haviors, such as supersoft sources (SSs) and ultraluminous 
X-ray sources (ULXs) are being identified by Chandra and 
studied in greater detail. The SSs have very soft X-ray spectra 
(< 75 eV) similar to SSs in our Galaxy and M3 1 that are gen- 
erally believed to be accreting white dwarfs (WDs); however, 
the bolometric luminosities of extragalactic SSs can exceed 
the Eddington luminosity for a Chandrasekhar mass WD. One 
hypothesis is that these source s contain interme diate-mass 
(~ 1O 2 -1O 3 M ) accreting BHs dSwartz et alj|2002l) . A great 
deal of attention has been spent on ULXs, which we define as 
Lx > 2 x 10 39 ergss _1 (0.3-10.0 keV). H owever, except possi - 
bly for LM XB candidates in NG C 720 dJeltema et al.ll2003l) 
NGC 1399 dAngelini et alJl2001l). NGC 1 600 dSivakoff et alJ 
2004), and NGC 4482 dMaccaroneetail I2007TT ULXs are 
generally not found within old stellar systems beyond the 
number expected from un related foreground or background 
sources dlrwin et al.ll2004l) . 

By stacking multi-epoch Chandra observations of an early- 
type galaxy, more, fainter LMXB candidates can be studied, 
and brighter LMXB candidates can be studied in greater de- 
tail. In this Paper, we report on multi-epoch Chandra X-ray 
observations of NG C 4697, one of th e nearest (11.3Mpc; 
see footnote 18 of I Jordan et al.l 12005) optically luminous 
(Mb < -20) elliptical (E6) galaxy. (There is a weak disk; 
how ever, it not compara ble to those seen in lenticular galax- 
ies dPeletier et al] Il990h). We adopte d the 2MASS Point 
Source Catalog dSkrutskie et al.l [2006) position of R.A. = 
12 h 48 m 35?90 and Dec. = -5°48'02."6 as the location of the 
center of NGC 4697 and the Third Reference Catalogue of 
Bright Galaxies (RC3) optical photometry values for the ef- 
fective radius (r e ff = 12'.' Q), position angle (PA = 70°, mea- 
sured from north to east), and elli pticity (e = 0.354), which as - 
sumes a de Vaucouleurs profile (de Vaucouleurs et al. 1992). 
From these values, we calculate the optical photometry's ef- 
fective semi-major distance (a e ff = 89"6). This galaxy lies 
~ 5 Mpc in front of the bulk of the galaxies in the Virgo clus- 
ter, and is 18.°7 south of M87, the galaxy at the dynamical 
center of the Virgo cluster. We also report on the GC/LMXB 
connection as determined from a joint observation of the cen- 
tral region by the Hubb le Space Telesco pe Advance Camera 
for Surveys (tfSr-ACS: lFord et alJfl998l) . 

In § 12 we discuss the observations and data reduction of 
NGC 4697. The X-ray image and the detection of X-ray 
sources are discussed in § [3] and § [4] In § [5] we discuss 
the optical counterparts from ground-based and HST obser- 



vations. We examine the GC/LMXB connection in detail in 
§ [6] The analyses of luminosity, hardness ratios, and spectra 
are considered in § |7]-[9] Finally, we summarize our conclu- 
sions in § [10] We concentrate on the variability of the X-ray 
sources in our companion paper (Sivakoff et al. 2008b, here- 
after Paper V). Unless otherwise noted, all errors refer to la 
confidence intervals, count rates are in the 0.3-6keV band, 
and fluxes and luminosities are in the 0.3-10keV band, with 
absorption effects removed. 

2. OBSERVATIONS AND DATA REDUCTION 
2.1. Chandra X-ray Observatory 

Chandra has observed NGC 4697 five times, 2000 Jan- 
uary 15, 2003 December 26, 2004 January 06, February 02, 
and August 18, using the ACIS detector for live exposures 
of 39260, 39920, 35683, 38103, and 40046 s (Observations 
0784, 4727, 4728, 4729, and 4730). Observation 0784 was 
operated at -1 10° C with a frame time of 3.2 s, and the ACIS- 
23678 chips were telemetered and cleaned in Faint mode. 
Observations 4727, 4728, 4729, 4730 (hereafter the Cycle- 
5 observations) were operated at -120° C with frame times of 
3.1s, and the ACIS-35678 chips were telemetered and cleaned 
in Very-Faint mode. Since the X-ray point spread function 
(PSF) increases with the distance between point sources and 
the optical axis of Chandra, the Cycle-5 pointings were de- 
termined to maximize field-of-view (FOV) while placing the 
galaxy center close to the optical axis and away from node 
boundaries on the S3 chip. The analysis in this Paper is 
based on data from the S3 chip alone, although a number of 
serendipitous sources were seen on the other chips. The el- 
liptical area common to all five observations on the S3 chip 
(a < 220") corresponds to 74% of the integrated light for a 
de Vaucouleurs profile. Known aspect offsets were applied 
to each observation. Our analysis includes only events with 
ASCA grades of 0, 2, 3, 4, and 6. Photon energies were de- 
termined using the gain files acisDl 999-09- 16gainN0005. fits 
(Observation 0784) and acisD2000-01-29gain_ctiN0001.fits 
(Cycle-5 observations). In the latter cases, we corrected for 
the time dependence of the gain and the charge-transfer inef- 
ficiency. All five observations were corrected for quantum ef- 
ficiency (QE) degradation and had exposure maps determined 
at 750 eV. We excluded bad pixels, bad columns, and columns 
adjacent to bad columns or chip node boundaries. 

Although Chandra is known to encounter periods of high 
background ("background flares"), which especially affect 
the backside-illuminated SI and S3 chips 7 , the use of lo- 
cal backgrounds and small extraction regions in the point 
source analysis mitigates the effect of flaring. To avoid pe- 
riods with extreme flaring we only included times where the 
blank-sky rate was less than three times the expected blank- 
sky rate derived from calibrated blank-sky backgrounds. For 
Observation 0784, the S3 chip itself, excluding regions of 
emission, was used as the observed blank-sky and checked 
against Maxim Markevitch's aciss_B_7_bg_evt_27 1 103. fits 
blank-sky background^ using 0.3-10.0keV count rates. For 
the Cycle-5 observations, the other back-illuminated chip, S 1 , 
was available. Here, we used this chip, excluding regions 
of emission, and compared to the blank-sky background in 
CALDB using 2.5-6.0keV count rates. Minimal time was 
lost in all observations due to the binning used to check the 
rates; more extensive time was lost in Observation 4729 due 

7 See http : / / cxc . harvard, edu/cont rib/maxim/ acisbg/| 
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to a large background flare. No periods of data dropout were 
observed. Final flare-filtered live exposure times for the five 
observations were 37174, 39919, 35601, 32038, and 40044 s. 

We registered the Cycle-5 observations astrometry against 
the Observation 0784 astrometry (see § | 4). N o absolute as- 
trometric correction was necessary (see § 15.11 ). For imaging 
and source detection only, we created a merged events file and 
exposure map with a live exposure time of 184775 s. In this 
Paper and Paper V, we analyze the 158 sources detected from 
the merged events file. 

All Chandra observations were analyzed using CIAO 3.1 8 
with CALDB 2.28 and NASA's FTOOLS 5.3 9 . Source posi- 
tions and extraction regions were refined using ACIS Extract 
3.34 10 . All spectra were fit using XSPEcP. 

2.2. Hubble Space Telescope 

We observed the center of NGC 4697 with the Hubble 
Space Telescope Advance Camera for Surveys (HST-ACS), 
acquiring two 375 s exposures in the F475W (g) band, two 
560s exposures in the F850LP (z) band, and one 90s F850LP 
exposure. Source detection and charac terization were per- 
formed similarly to Jord an et"aTI d2004al) . leading to a list of 
globular cl usters (GCs) and other optical sources. We fit PSF 
convolved King (1 19661) models to all detected source s using 
the code KINGPHOT described in lJordan et ail (120051) . In ad- 
dition to best-fit magnitudes g and z, the code returns the best- 
fit half-light radius r/, for each source. Details concerning the 
HST-ACS observation, data analysis, and optical source prop- 
erties are given in Jordan et al. (2008, in preparation). 



3. X-RAY IMAGE 

In lPaper fl and lPaper III it was shown that most of the X-ray 
emission in NGC 4697 is resolved into point sources. We dis- 
play the raw Chandra image from the combination of all five 
observations in the 0.3-6 keV band in Figures [TJ and [2] These 
images are roughly consistent with the previously published 
data; new sources have been detected due to greater sensitiv- 
ity, source variability, and increased FOV. The FOV of the five 
observations, as well as a finding chart for the X-ray sources, 
are overlaid on the raw images. 

To contrast the detected sources with the diffuse emis- 
sion, we adaptively smoothed the Chandra S3 X-ray raw im- 
age using a minimum signal-to-noise ratio (S/N) per smooth- 
ing beam of 3. We then applied these smoothing scales 
to background-subtracted, exposure-corrected images in the 
soft (0.3-1 keV), medium (l-2keV), and hard (2-6 keV) 
bands. The background includes the readout artifact in ACIS 
and the deep blank-sky backgrounds compiled by Maxim 
MarkevitcfPT We combined these three bands to create 
a logarithmically scaled image between 5 x 10~ 7 and 1 x 
10~ 5 counts -1 arcsec -2 in total surface brightness. The re- 
sulting representative-color images of the entire galaxy and 
of the central 3' x 3' region are shown in Figures [3] and H] 
There is clearly soft (red) diffuse emission near the center of 
NGC 4697. The majority of the sources stand out clearly in 
color from the soft diffuse gas, appearing yellow to green. 
There are some soft sources which appear to be associated 
with NGC 4697 based on their concentration towards the cen- 
ter of the galaxy, while most of the hardest (blue) sources, 



8 See http://asc. harvard. edu/ciao/ 

9 See http://heasarc.gsfc.nasa. gov/ docs /soft ware /lheaso 

10 See http : / /www . astro. psu. edu/xray/docs/TARA/ ae_users_ 



which are likely to be absorbed AGNs (see § |H), tend to lie in 
the outer regions of the image. 

4. X-RAY SOURCE DETECTION 

In Table [Tj we list all discrete sources detected by WAVDE- 
TECT over the 0.3-6 keV range. We ordered the sources by 
increasing projected radial distance from the center of the 
galaxy, d. Columns 1-8 provide the source number, IAU 
name, source position (J2000), projected radial distance, pro- 
jected semi-major distance from the center of NGC 4697, a, 
photometric count rate with its 1 a error, and S/N for the count 
rate. Photon errors were calculated using the upper Gehrels 
error approximat ion of l + \/jV+0.75 (lGehrelsl [l986). For 
comparison with Pa per III column 10 lists the source num- 
ber used there. Notes for each source are listed in column 1 1 . 
The derived parameters and notes are expanded upon in the 
text below. 

To identify the discrete X-ray source population, we applied 
the wavelet detection algorithm (CIAO WAVDETECT program) 
with \/2 scales ranging from 1 to 32 pixels with a source de- 
tection threshold of 10~ 6 . Source detection was not done in 
regions with an exposure of less then 10% of the total for the 
observation. We expect < 1 false source (due to a statisti- 
cal fluctuation in the background) for each S3 image. The 
source detections were first done on each observation sep- 
arately to create a source list against which to register the 
astrometry. We detected 97, 78, 87, 77, and 98 sources in 
Observations 0784, 4727, 4728, 4729, and 4730. We then 
registered the astrometry of each Cycle-5 observation against 
Observation 0784. Using 55, 56, 51, and 55 sources matched 
to within 0."5, the relative astrometry corrections were 0."31, 
0."38, 0"31,and0."48. 

To maximize S/N, we analyzed the wavelet detection re- 
sults from the combination of the five observations (FigureQ]). 
Since there were five approximately equally sensitive obser- 
vations, we reduced the exposure threshold of this merged 
source detection to 2% of the total. There was a 50% increase 
in the FOV compared to a single S3 chip, so we expect < 1.5 
false source. We detected 158 sources. All of the detections 
in Observation 0784 were in the merged detection list. In the 
Cycle-5 observations, a few weak detections were not found 
in the merged detection list. None of these detections would 
have fluxes determined at the > 3a level; detections not in the 
merged detection list are not discussed further in this Paper. 

Working from the coordinate list generated by WAVDE- 
TECT, we used ACIS Extract to create source extraction and 
masking regions, as well as refine the source positions. For 
each observation, we created a source extraction region con- 
sistent with the X-ray PSF at the source position. Most of 
the regions encircled 90% of the flux in the X-ray PSF at 
w 1.5keV. For sources whose median photon energy over 
all five observations was not ~ 0.6-2.6 keV, we determined 
the PSF at either ps 0.3 keV (Sources 19, 23, 25, 62, and 78) 
or w 4.5keV (Sources 96, 119, and 138). We used a lower 
percentage of the PSF in the case of few sources whose re- 
gions would otherwise have overlapped in one of the observa- 
tions (85% for Sources 2/5; 80% for Sources 49/50; 50% for 
Sources 72/73). The WAVDETECT source extents were com- 
pared to the PSF sizes at the locations of the sources; all were 
consistent except those for Sources 8, 22, 123, and 158. Thus, 
these sources may be extended or multiple, and are marked 
f^y/ith a note in Table Q] Masking circular regions around the 
gionjeemtna radius encircling > 97% of the PSF were created 
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FIG. 1. — Chandra S3 image (0.3-6 keV) of NGC 4697 from all five observations combined. This image has not been corrected for background or exposure, 
and has not been smoothed. The grey scale varies with the logarithm of the X-ray surface brightness, which ranges from 1 to 25 countpixel -1 . (The ACIS pixels 
are 0"492 square.) The optical center of NGC 4697 is marked by "OC". The positions of detected sources outside of the central 3' X 3' in the image are indicated 
by their source numbers from Table [T] the source numbers are ordered by increasing distance from the center of the galaxy. The FOV of each observation is 
indicated by a labeled black square and the D25 ellipse is shown. (D25 is the elliptical isophote with a surface brightness of 25 mag per arcsec in the B-band.) 



for every source. 

The refined source positions for a majority of the sources 
came from the average position of 0.3-6 keV photons in the 
source extraction regions. For Sources 142, 148, 152, and 
154-158, whose average positional offset from the optical 
axis is more than 5', we correlated the 0.3-6keV photons near 
the WAVDETECT coordinates against the average X-ray PSF 
of each source to refine their positions. 

To subtract out overlapping diffuse gas and background 
emission we used a local background with an area approx- 
imately three times that of each source's extraction region. 
The background region excluded photons in the masking re- 
gion. In cases where background regions overlapped or fell 
along node/chip boundaries, we slightly altered these over- 
lapping regions, preserving the ratio of source to background 
areas and ensuring that the source region and background re- 
gion had similar mean exposures. 



The observed net count rates, their errors, and the S/Ns 
were calculated by stacking the observations, correcting for 
background photons, and dividing by the sum of the mean 
exposures over each source region. 

We list the results of all analyses for all sources in this 
Paper's tables; however, we restrict discussion of sources, 
except for identification of possible optical counterparts, to 
the 126 that have photometric count rates determined at the 
> 3a level. These significantly detected sources, hereafter 
the Analysis Sample, all have at least 18 net counts. 

The minimum detected count rate in the 0.3-6 keV band 
for our Analysis Sample sources is 1.0 x 10~ 4 countss _I . This 
count rate is 2.6 times as deep as the count rate from Ob- 
servation 0784 alone dPaper It) . Three sources below the 
Analysis limit (136, 152, 157) but with count rates above 
10~ 4 counts s" 1 are not covered by all five observations. The 
other sources below the Analysis limit reach count rates as 
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FIG. 2. — Chandra S3 image (0.3-6keV) of the central 3' X 3' of NGC 4697 from all five observations. The optical center of NGC 4697 lies within the circle 
for Source 1 . The grey scale is the same as in Figureff] The positions of detected sources in the image are indicated by their source numbers from Tableff] 



low as ~ 5 x 10~ 5 counts s" 1 . 

We estimated the completeness of all sources through sim- 
ulations using MARX 4.0.8 11 . We used the normalized back- 
ground generated by WAVDETECT and the photometrically 
determined counts (after PSF corrections) to perform 400 sim- 
ulated runs of our five observations of NGC 4697. The re- 
sulting completeness correction factor, c s ; m , the ratio of the 
number of times a source was simulated to the number of 
times it was detected, is accurate to ~ 5% for the majority 
of sources; however, the uncertainty increases to ~ 12% for 
the largest correction factors. All sources with observed count 
rates > 10 -4 counts s -1 had correction factors < 1.1 except for 
Sources 72, 102, and 158. In the simulations, Sources 72 and 
73 were often confused as one source with a position closer 
to Source 73. Sources 102 and 158 had c s ; m = 1.12. The av- 
erage completeness correction factor in the Analysis Sample 
is ~ 1.01. For sources not in the Analysis Sample, c s i m av- 
eraged ~ 1.99, and reached as high as 5.71 for the weakest 



sources. Our completen ess results are roughly consistent with 
iKim&Fabbiaiiol (120031) . 

There are objects unrelated to NGC 4697 among the de- 
tecte d sources. Since the FOV sampled by the ChaMP sur- 
vey (iKim et al.l l2004) is larger than the Chandra deep fields, 
the source counts from the former should be less suscepti- 
ble to cosmic variance. Therefore, we chose to use their soft 
band source counts to estimate the number of foreground or 
background objects at different flux levels. At the flux limit 
of our Analysis Sample, ~9x 10~ I6 ergcm" 2 s" 1 , we expect 
w 29 foreground or background objects, including correc- 
tions for exposure and completeness. We estimate w 7 of the 
sources outside of the Analysis Sample are also unrelated to 
NGC 4697. Since these sources should be fairly uniform over 
the FOV, sources close to NGC 4697 are more likely to be 
associated with the galaxy than sources farther out. 

5. OPTICAL COUNTERPART IDENTIFICATION 



See |http : //space .mit . edu/CXC/MARx7| 



5.1. Existing Catalog Identifications 
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FIG. 3. — Adaptively smoothed Chandra representative-color S3 image (with red = 0.3-lkeV, green = l-2keV, and blue = 2-6keV) of NGC 4697 
(all five observations), corrected for exposure and blank-sky background. The intensity scale for the colors is logarithmic and ranges from 5 X 1CT 7 to 
1 X 1(T 5 counts -1 arcsec~ 2 in total surface brightness. The D25 ellipse is shown. 

Table [2] The first three columns list the X-ray source number, 
designation of the optical counterpart, and positional offset 
between the X-ray and optical catalogs. In the fourth column, 
we list the photometric properties of the optical counterpart, 
while we list notes about the optical properties in the fifth 
column. We classify the counterpart as optically extended or 
an optical point source. For 2MASS objects, we use its val- 
ues of the reduced \ 2 f° r fitting PSFs to each source in each 
band (a reduced x 2 > 2 indicates the optical counterpart is 
extended, and may be a galaxy). For the USNO-B1 objects, 
we use their star-galaxy separation class (objects in the lower 
half of classes are classified as optically extended). We add a 
question-mark when we are unsure of the classification. Typi- 
cally this occurs because galaxy light may have contaminated 
the analysis or because the classification in at least one color 
differs significantly from the other colors. 

In addition to the sources used to check astrometry, Sources 
1, 8, and 118 have potential optical counterparts. Since 
Source 1 is 0"5 away from the adopted center of NGC 4697, 



The refined source positions of seven X-ray sources from 
the combin ed S3 image agre ed with positions from the Tycho- 
2 Catalog (lH0g etalj|2000l), the 2MASS Point Source and 
Extended Source C atalog s (Skruts kle et al.l l2006). and/or the 
USNO-B Catalog dMonet et al l 120031) . CWhen a source ap- 
peared in both 2MASS catalogs, the Point Source Catalog 
positions were used.) In cases where there are counterparts 
in multiple catalogs, we adopt the positions in the order of 
the catalogs listed above. These seven sources (15, 55, 84, 
117, 149, 155, and 156) were used to check the absolute as- 
trometry. Since the mean positional offset of the sources was 
0"07 ± 0."30 in R.A. and 0."10 ± 0"27 in Dec, the ACIS Ex- 
tract positions are consistent with no required absolute astro- 
metric change. The typical absolute astrometric errors are 
probably ~ 0"4 near the field center, with larger errors for 
weaker sources with extended PSFs. 

Having established the absolute astrometry, we conserva- 
tively considered all optical sources within 2" as potential op- 
tical counterparts. We summarize their optical properties in 
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FIG. 4. — Adaptively smoothed Chandra representative-color S3 image (with red = 0.3-1 keV, green = l-2keV, and blue = 2-6 keV) of the central 3' X 3' of 
NGC 4697 (all five observations), corrected for exposure and blank-sky background. The color scaling is the same as in FigurefJ] 



it may be a central AGN. Since this source could also be an 
LMXB (or several confused LMXBs) near the center of the 
galaxy, we did not use this match to check the astrometry. 
The optical counterparts of Sources 8, 15, 117, 118, and 155 
appear to be opt ically ex tended. We note that Source 117 is 
a known AGN (Paper II). Although Source 118 is associ- 
ated with 2MASX J 12483504-0550473 in NED, that source 
is actually 12" away and its counterpart, USNO-B1 0841- 
0238567, is clearly different on Digital Sky Survey (DSS) 
images. Since the extrapolated fiducial radius of 2MASX 
J12483504-0550473 is 6."2, it is unlikely that Source 118 is 
associated with that galaxy. Sources 55, 84, 149, and 156 
appear point-like from the ground; Source 156 is clearly the 
bright foreground star BD-05 3573. Finally, we note that 
Sources 103, 123, 132, 143 may have uncatalogued counter- 
parts on DSS second generation images. Footnotes in TableQ] 
indic ate X-ray sou r ces w ith possible optical counterparts. 

In ISarazin et al.1 (1200 ll) . associations with GCs in lists of 
iHanesi (1 19771) and Kavelaars (2000, private communication) 
were made. Sources 101 and 117 were previously identi- 



fied with IHanesi (1 19771) GC c andidates; we find no new GC- 
LMXB candidates among the IHanesi (1 19771) sources and note 
that Source 117 and its optical counterpart has already been 
shown to actually be an AGN. Sources 79, 80, 83, 84, 86, 88, 
93, 98, 101, 109, 113, and 114 are associated with GC can- 
didates in the Kavelaars data, with Sources 79, 86, 88, 93, 
and 113 representing new detections. Some of the Kavelaars 
GC candidates with potential X- ray c ounterparts are also in 
the HST-ACS FOV discussed in §E2](Sources 79, 80, 83, 84, 
86). The measured colors and sizes from the HST-ACS obser- 
vations allow us to more accurately identify GC candidates. 
The colors of Source 84 suggest it is not a GC, while the other 
sources have colors and sizes consistent with GCs. Since the 
Hanes and Kavelaars GC datasets do not have the same sensi- 
tivity or measured properties of the HST-ACS dataset or of our 
recently obtained flanking field ACS observations, we will not 
make further use of GC counterparts outside of the HST-ACS 
central FOV here. 

We matched the X-ray sources w ith a previous R OSAT-HRI 
X-ray observation of NGC 4697 dlrwin et al .1120001 hereafter 
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12000). Twelve sources within 4' of NGC 4697 were detected 
by ROSAT-HRI with L x > 2.6 x 10 38 ergs _1 , after correcting 
for the distance and spectra we use in this Paper. We match 
12000 Sources 1, 2, 4, 5, 6, 9, 10, 11, and 12 with this Paper's 
Sources 103, 80, 69, 54, 118, 58, 128, 117, 143. C onfusion 
in the center of NGC 4697 limits matching II2000I Source 7 
with this Paper's Sources 1, 3, 4, and 6; although it is likely 
matched to this Paper's Source 1, which is the brigh test of 
the four sources. Similarly, confusion limits matching 1120001 
Source 8 with this Paper's Sources 6, 7, 10, and 1 1 . We clearly 
do not detect Il2000l Source 3. 

We also matched sources with Paper II, whose data (Obser- 
vation 0784) is a subset of the data in th is Paper. We list those 
matches in Table Q] Only two Paper II sources (7 and 87) are 
undetected in the larger dataset. iPaper III Sources 7 and 10 are 
separated b y only I f 1 . It is unclear whether they are a sin- 
gl e source. IPaper III Source 87 was near the limit of the S/N 
in IPaper III It was not detected in the individual reanalysis 
of Observation 0784, even when de tections were made in the 
0.3-10 keV range to match IPaper III 

5.2. HST-ACS Identifications 

In our HST-ACS observation, we placed the center of 
NGC 4697 - 20" from the center of the ACS FOV to avoid 
a chip boundary. Within this FOV, we can identify optical 
sources and separate out the GCs using a combination of mag- 
nitude, color, and spatial e xtent. This method is discussed in 
detail in Peng et al. (2006) and Jordan et al. (2008, in prepa- 
ration). Out of 703 optical sources, there are 298 GC candi- 
dates. 

We registered the HST observation to the Chandra observa- 
tion using all 703 optical sources. Through cross-correlation 
techniques, we determined that the HST coordinates required 
astrometric shifts of -Of 27 in R.A. and -0."42 in Dec. Based 
on singly matched sources within 1", we estimate a relative 
astrometric error of Of 21 and Of 25 in R.A. and Dec, respec- 
tively, or 0."32 in quadrature. Since most of these matches oc- 
cur close to the X-ray pointing center, it is not surprising that 
this astrometric error is slightly smaller than the astrometric 
error derived from ground-based catalogs. After correcting 
the astrometry, we determined that the ACS FOV covers X- 
ray Sources 1-67, 69-87, 89, 94, and 108. Due to a promi- 
nent elliptical dust feature (w 7.0" x 1 .7" or « 384pc x 93pc), 
we did not attempt to detect optical sources in the region of 
X-ray Sources 1-5 and 8. X-ray Source 68 falls in the chip 
boundary. Adopting a search radius of 1", we find 42 optical 
counterparts to 39 X-ray sources; three X-ray sources have 
two candidate optical counterparts within 1". Thirty-three of 
the X-ray sources are associated with a single GC counterpart, 
while one X-ray source is likely to be associated with one of 
two potential GC counterparts. We list the optical properties 
of the matched sources in Table [3] 

By randomizing the PA. of a source list, assuming both 
a circular profile and a profile matching the galaxy's ellip- 
tical isophotes, we have determined the percentage of false 
matches within a given radius. Randomizing the optical 
source list, we find that « 6.8% of X-ray sources without 
a physically associated optical source will have a false op- 
tical match within 1". This is consistent with only 3/39 of 
the X-ray/optical matches being false. If one considers only 
the GCs, w 4.2% of X-ray sources will have a false match. 
This is consistent with only 2/34 of the X-ray/GC matches 
being false. Randomizing the X-ray source list, we find that 
« 0.73% of GC sources without a physically associated X-ray 
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FIG. 5. — Percentage of GCs with an LMXB within 1", corrected for 
random associations, as a function of the limiting X-ray luminosity. The de- 
tection limits for all sources and for the Analysis Sample (3a) are indicated. 



sources will have a false optical match within 1". Finally, ran- 
domizing the optical source list and comparing to the unran- 
domized optical positions suggests that « 1.8 X-ray sources 
will be matched to two optical sources within 1" by chance; 
we find three such matches. 

6. GC/LMXB CONNECTION 

Having identified the LMXBs associated with GCs and de- 
termined the percentage of falsely matched sources, we now 
explore the GC/LMXB connection. The broadest measures 
of the GC/LMXB connection are the fraction of LMXBs as- 
sociated with GCs and the fraction of GCs associated with 
LMXBs. The fraction of LMXBs associated with GCs, /x.gc, 
is 38. 4;^' 7% and does not appear to depend on X-ray luminos- 
ity. On the other hand, the fraction of GCs with an LMXB, P x , 
naturally depends on the limiting X-ray luminosity. The re- 
sult is sho wn in Figure[5] In N GC 4697, and other early-type 
galaxies (ISarazin et al.ll2003l) . P x « 4% above 10 38 ergss _1 . 
At the limit of our Analysis Sample, 1.4 x 10 37 ergss _1 , P x 
has increased to 8.1^J;|% (~ 2.7 x 10" 7 LMXBs perL a , nor- 
malizing LMXB detection to GC luminosity in the z band). 



Among all detected sources (L x > 0.6 xlO 37 ergs s~ l ),P x rises 



to l0.T\i% 



(~ 3.5 x 10" 7 LMXBs perL QjZ ). Since we are in- 
complete below the limit of our Analysis Sample and active 
LMXBs have L x > 10 36 ergs s" 1 , it is likely that the percentage 
of GCs with an active LMXB is even higher. 

The optical properties of GCs are known to affect the 
GC/LMXB connection; LMXBs are foun d more often in op- 
tically bright GCs a nd in red GCs (e.g. , iKundu et all 1 2003 
Saraz in et all [20031; I Jordan et al.l l2004bl; Kundu et alj|2007 
Isivakoff et alj|2007l hereafter IS2007l) .The GC/LMXB con- 
nection in the center of NGC 4697 clearly follows this now 
familiar pattern (Figure|6] left). The colo r dependence is often 
interp reted as a metallicity dependence (S2007I: IKundu et al.l 
120071) . In addition, the size of a globular cluster also plays 
a role, with smaller GCs being more li kely to host LMXBs 
dS2007t I Jordan et al.ll2007l) . Following ISarazin et al.l (120031) 
and lS200 7. we have compared the distributions of GCs with 
and without LMXBs using the two-sample Kolmogorov- 
Smirnov test (Pks), which measures the probability that two 
populations sampled from the same distribution have a max- 
imum difference at least as large as is observed, and the 
non-parametric Wilcoxon rank-su m test (ctwrs, equivalent t o 
the Mann- Whitney rank-sum test; iMann & Whitnevl 119471) . 
which measures the probability that a random sampling of two 
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distributions with the same median would produce at least the 
observed difference in the sum of the ranks of the two distri- 
butions. 

First, we compared the optical luminosities of GCs (rep- 
resented by their M z ) with and without LMXBs. The mean 
optical magnitude of GCs with LMXBs is 1.1 mag brighter 
then GCs without LMXBs, and we found P KS = 2.6 x 10" 4 
and (Twrs = 4.5. That is, LMXBs are preferentially associ- 
ated with optically luminous GCs at high statistical signifi- 
cance. Next, we compared the g—z color distributions of GCs 
with and without LMXBs. The mean color of GCs contain- 
ing LMXBs is nearly 0.2 magnitudes redder and the distribu- 
tions are clearly different (Pks = 3.6 x 10~ 4 and owrs = 3.0). 
These results are illustrated in Figure [6] (left). Quantifying 
the probabilities that GC contain LMXBs, we find LMXBs in 
4.8! 2 ; 7 ,% of the blue GCs (~2.1x 10" 7 LMXBs perL , z ) and 
15.lf||% of the red GCs (~ 4.9 x 10" 7 LMXBs per L QiZ ). 
The relative ratio of the specific frequencies for GC-LMXBs 
in red-GCs versus blue-GCs is smaller than the ratio of the 
probabilities a red-GC versus a blue-GC contains an LMXB. 
Although KS tests and Wilcoxon rank-sum test indicate the 
optical luminosities of red and blue GCs are likely to be drawn 
from the same parent distribution, the mean luminosity of the 
red-GCs is larger than the blue-GCs. We note that the mean 
luminosities of the GCs are strongly affected by the numbers 
o f the most luminous G C s . 

Uordan et alj d2004bl) used HST-ACS data from M87 to 
compare the GC/LMXB connection with the encounter rates 
due to tidal capture and exchange interactions. The encounter 
rates are proportional to T = p^ 5 r 2 , where po is the central 
density, and r c is the core radius. These values were esti- 
mated from fitting King profiles to the GC light and applying 
the Virial Theorem to relate the velocity of stars to the core 
radius. They found a strong indication that dynamical pro- 
cesses play a key role; however, the somewhat large uncer- 
tainties in the concentrations (the ratio of the tidal radius to 
the core radius, which is uniquely related to the ratio of the 
half-light radius to the core radius for King models) make es- 
timates of r less attractive observationally as a measure of 
encounter rates. Since the half-light radii, r/,, and surface 
brightnesses of GCs, 07, oc M(r/,)" 2 , are better constrained, 
we choose to use an alternate measure of the encounter rate, 
Th = &j/ 2 rf/ 2 oc M 3 ' 2 ^ 5 / 2 . In recent o bservations of Cen- 
taurus A, a much closer elliptical galaxy. Jordan et all (2007) 
showed that concentration does not seem to be a fundamen- 



tal variable in determining the presence of LMXBs in GCs, 
with the more fundamental parameters being related to cen- 
tral density and size. While this implies that the LMXB-GC 
connection should be stronger for T than T/,, results for T;, can 
be taken as representative of the more fundamental parame- 
ters of central density and s ize. Mass seg regation of GCs with 
the same half-mass radius (Jordan 2004) has been suggested 
as a possible explanation for a correlati on typically observed 
between half-light radius and color (e.g jKundu & Whitmord 
1200 U Uordan et all [2005), with redder GCs being smaller. 
However, that correlation may also represent the convolution 
of an underlying size-galactocentric distance relation and the 
different spatial distributi on of the metal-poor and metal-rich 
subpopulations of GCs dLarse n & Brodie 2003; Spitl er et"aT] 
2006); this is the so-called "projection effect". Given that 
the observed correlation of half-light radii with color might 
not reflect a corresponding correlation for half-mass radii, we 
consider an alternative to the directly measured half-light radii 
that corrects for the empirical size-color correlation; we call 
this corrected radii "half -mass" radii, r' h . We follow equa- 
tions 1, 2, 5 , and 12 of S2007 to calculate the mass, half- 
mass radius, encounter rate proxy T/,, and metallicity Z of 
our GCs. We note here, and throughout this section, that the 
choice of which radius to use (r/, or r' h ) mainly alters results 
for the metallicity, as opposed to the size. 

In Figure[6](Wg/!f), we display the color - encounter rate di- 
agram. Globular clusters with larger encounter rates are more 
likely to contain LMXBs; the hypothesis that the distributions 
of encounter rates are the same for GCs with and without 
LMXBs is rejected (P KS = 1.7 x 10" 7 and ct W rs = 5.8). This 
picture does not qualitatively change if we calculate the en- 
counter rates with the half-mass radii (Pks = 5.8 x 10~ 7 and 
cwrs = 5.5). If LMXBs are preferentially found in core- 
collapsed GCs, the difference between the actual encounter 
rates of GCs with and without LMXBs will be larger than 
what we measured. We note that the concentrations of GCs 
with and without LMXBs do not differ when con sidering sam- 
ples with matched masses (Jorda net alj|2007h . statistically 
validating the use of T/, as a proxy for encouter rate. The 
correlation with encounter rate is actually stronger than that 
found for the optical luminosity, because smaller GCs appear 
(marginally) more likely t o contain GCs in th is galaxy, con- 
sistent with Centaurus A (I Jordan et al.ll2007l) and t he Virgo 
elliptical galaxies as a whole dSivakoffetalJl2007h . When 
we compare the distributions of 77, for GCs with and with- 
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out LMXBs, the hypothesis that they are the same is rejected 
(P KS = 7.3 x 10" 3 and cwrs = 3.6); however, part of this cor- 
relation is due to the fact that redder GCs are both more likely 
to contain LMXBs due to their color, and are also smaller for 
the same mass. The differences between GCs with and with- 
out LMXBs are rejected more marginally when comparing the 
distribution s of rj (Pks = 2.2 x 10~ 2 and ctwrs = 2.6). 

Recently, Kim et al. (2006b) suggested that Px may have a 
spatial dependence due to higher encounter rates in GCs near 
the centers of their host galaxies. Although our comparison 
of the projected galactocentric distances d of GCs with and 
without LMXBs does not indicate that they are drawn from 
two separate populations at a significant level (Pks = 0.21 and 
cwrs = 1 -6), we do note that the median galactocentric dis- 
tance of GCs with LMXBs is smaller than those without. This 
question will be best addressed with our HST-ACS observa- 
tions of the ent ire galaxy. 

Asin[S2003 we have attempted to fit the expected number 
(A) of LMXBs in a GC with the sum of the false number of A/ 
LMXBs matched to a GC and the true expected number A f pa- 
rameterized by power-law dependences on the GC properties. 
We considered the forms: 

X = X f +AM a (Z/Z Q f(r) s , (1) 

and 

\=\ f +A(Z/Z Q fT% (2) 

where we evaluate the parameters separately using both r/, and 
r' h . The expected number of LMXBs in a GC can be converted 
to a probability that there are no LMXBs, P„x,i = e~ A ', and the 
probability that there is at least one LMXB, Pxj = 1 -e~ x >. One 
can then maximize the log likelihood for a given form of A, 
ip = l n [([\Pnx) ([\Px)], where the products are taken over the 

nX X 

lists of GCs with no LMXBs and GCs with LMXBs (TableE). 

Although the general maximum likelihood statistic does 
not provide a measure of goodness-of-fit, relative improve- 
ments (Ail> = -Ax 2 /2) can be used to determine whether a 
given fit is a statistical improvement over a previous fit given 
the change in the number of degrees of freedom (dof). The 
change in the log-likelihood can also be used to provide er- 
rors on the fitted power-law indices. Here, we assumed that 
the errors in the fitting parameters in equations (fl3 & (O are 
much larger than the uncertainties in the GC parameters (M, 
Z, and r' h ) due to either measurement errors or systematic er- 
rors in the conversions. Given the derived sizes of our er- 
rors, this is justified. To use the relative change in the log- 
likelihood (Aip), we first established a baseline value of the 
log-likelihood (ipo) for the case where the expected number 
of LMXBs A was constant and did not depend on any GC 
properties (Table|4] row 1). 

We then fit various combinations of dependencies of A on 
GC properties, and determined the values of ip for the best-fit 
values. In rows 2-5 of Table |4] the expected number of GCs A 
is assumed to depend on only a single GC property (the mass, 
metallicity, half-light radius, or half-mass radius). Each fit is 
significantly better (A\ 2 =-27.5, -10.4, and -7.8 for one less 
dof) than the baseline fit, suggesting that all three properties 
affect A, with mass having the strongest effect. 

In the next two rows (6 and 7), the expected number of 
LMXBs is assumed to depend only on the encounter rate pa- 
rameter Th- This fit was considerably better than those for 
any other single parameter. Thus, it appears that the most im- 
portant single factor determining the occurrence of LMXBs in 
GCs is the dynamical encounter rate. Given that the encounter 



rate calculated from the half-light radius includes some metal- 
licity dependence, it is not surprising that it fits better than the 
encounter rate calculated from the half-mass radius. 

In the next 7 rows (8-14), the expected number of LMXBs 
is assumed to depend on pairs of the GC properties. It is par- 
ticularly interesting to compare rows 8 and 9 with rows 6 and 
7. The encounter rate parameter T/, is calculated from the 
mass M and the half-light (half-mass) radius rf,(r' h ) (eq. 5 of 
IS2007I) . Thus, these two sets of rows compare a general de- 
pendence on mass and radius with the specific form expected 
if LMXBs are formed dynamically in GCs. The separate mass 
and half-light radius dependence produces a marginally sta- 
tistically significant better fit (A% 2 = 3.0, which implies 92% 
significance), while the separate mass and half-mass radius 
dependences produces a less significant fit ( A% 2 = 1 .8, which 
implies 82% significance). However, both are significantly 
better fits than just the GC mass, metallicity, or size depen- 
dence alone. In rows 8 and 9, note that the best-fit expo- 
nents for the mass (a = 1.28 and 1.31) are very close to the 
value predicted by the dependence on T/, in rows 6 and 7 
(a = 1.5 x e = 1.34 and 1.31), although the dependences on 
radius are steeper [5 = -3.35 and -3.19) than predicted by 
rows 6 and 7 (<5 = -2.5 x e = -2.22 and -2.18). 

In rows 10-12, the metallicity dependence and either mass 
or radius dependence are allowed to vary. Varying mass and 
metallicity dependences have the strongest effect; however, 
neither effect is as strong as varying the dynamical depen- 
dences (combination of mass and radius). 

When we compare fits including metallicity and sizes cal- 
culated by half-light radii to metallicity and sizes calculated 
by half-mass radii (rows 11 and 12, 13 and 14, 15 and 16, 
and 17 and 18), we see a consistent pattern where the in- 
dex involving size barely changes, but the metallicity index 
is smaller when half-light radii are used. Although this differ- 
ence is not large for most of these comparisons compared to 
their precision, the accuracy of the metallicity index depends 
critically on which size is used. Under the ma ss-segregatio n 
hypothesis for the GC color-size dependence (Jordan 2004), 
the half-mass radius is clearly the correct size to use. We ar- 
gue that thi s choice is also correct u nder the projection effect 
hypothesis (Larsen & Brodie 2003); however in this case, the 
correction to "half-mass" is actually a correction that is re- 
moving an effect on galactocentric distance. We note that the 
current analysis for NGC 4697 is insufficient to test this hy- 
pothesis. 

In rows 13-18, we combine dynamical dependence and 
metallicity dependence variations, providing the best fits to 
the data. We adopt row 14, dependence on metallicity and 
encounter rate calculated by half-mass radius, as our best fit: 

A, oc r°' 79 -° " (Z/Z ) o - 5O -o i8. In addition to being the best sta- 
tistical fit, we also note that this fit uses our preferred half- 
mass radius in calculating the encounter rate. The dependence 
on interaction ra t e ma tches well with the Galactic value found 
by lPooley etail J20031) of A oc T 01 4±036 A s NGC 4697 is a 
significant subset of the data used in S20Q7r 2 ,it is unsurprising 
that it matches well to the A oc r" 82±0 05 relation determined 
for the GC/LMX B connection i n Virgo elliptical galaxies. For 
comparison with Uordan eta l. (2004b), we also fit the form 

A, oc p Q 35-021 r 2 (Z/Zq)°- 50 ^"° (row 16); our results agree. We 
note that allowing mass, metallicity, and size to vary all at 

W e note that there was a minor error in the r/, of NGC 4697 used in 
S2007, but that the changes this causes are within the quoted errors. 



DEEP OBSERVATIONS OF LMXBS IN NGC 4697 1 1 



100 



A 
* ' 

Z 




100 



37.0 37,5 38,0 3S.5 
Log L„ (erg b -1 ) 



39,0 



FIG. 7. — Cumulative luminosity functions for each of the five observations 
of the sources detected at the > 3<r level within a < 220". The two-sample 
K-S tests do not indicate that any two of the observations are drawn from 
different populations. 

once (rows 17 and 18) does not significantly improve the fits 
compared to allowing encounter rates and metallicity to vary 
(rows 13 and 14). 
For our best fit, we find 



A, = 3.0 x io _6 r -° 15 



(Z/Zq) 



0.50! 



(3) 



where T/, is calculated from r' h . Since our analysis includes 
matches below the completeness limit, the measured normal- 
ization is intermediate between the true normalizations at the 
detection limit and the completeness limit. We adopted the 
best-fit parameters of equation [3] and only included matches 
above the completeness limit to determine that the normaliza- 
tion at the completeness limit of 1.4 x 10 37 ergss _1 is 2.1 x 
10~ 6 . We can use the normalizations to estimate the number 
of GCs that might contain mul tiple LMXBs. (e.g., ther e are 
two Galactic LMXBs in M15: IWhite & AngelinilhoOll) . By 
summing 1 -exp~ A (l + A) over all the GCs, we calculate that 
~ 7 and 4 GCs contain multiple LMXBs above the detection 
and completeness limits, respectively. The majority of the 34 
GCs we detect with LMXBs are likely to contain only one 
LMXB. 

7. X-RAY LUMINOSITIES AND LUMINOSITY 
FUNCTIONS 

We used the best-fit Chandra X-ray spectrum of the inner 
resolved sources (a < a e s: Table [7] row 3 below) and the as- 
sumption that each source was at the distance of NGC 4697 
to convert the observed source count rates into unabsorbed 
X-ray (0.3-10 keV) luminosities (Lx). The fluxes were cor- 
rected for exposure (including vignetting), the time depen- 
dent QE degradation of the ACIS-S3 chip, and the PSF frac- 
tion of source counts within the region used to extract the 
counts. For a typical source, the individual conversion fac- 
tors from observed count rates were 1.18, 1.50, 1.46, 1.46, 
and 1.47 x 10 41 ergs count" 1 , for each of the observations or- 
dered by time. We list the individual luminosities of Observa- 
tions 0784 (A), 4727 (B), 4728 (C), 4729 (D), and 4730 (E) 
in columns 2-6 of Table [5] 

In Figure [7] we display the individual observation LFs of 
the sources in the Analysis Sample within a < 220". We cal- 
culate the probability the LFs of each pair of observations are 
drawn from the same population using the two-sample K-S 
test. Since P KS range from 0.33 (0784 versus 4727) to 0.94 
(4729 versus 4730), we believe that the LFs do not change 
significantly on our inter-observation timescales, which vary 
from 1 1 d to 4.6 yr. 



A 
* ' 

Z 




37,0 37,5 38,0 38,5 
Log L„ (erg b -1 ) 

Fig. 8. — Cumulative luminosity function of the constant sources (Lx = 
i-constant) detected within a < 220" using their cumulative luminosity for all 
observations. The continuous curves are the sum of the best-fit LMXB lumi- 
nosity functions (to sources detected at the 3<r level) and the expected back- 
ground source counts. The broken power law is the best fit model; however, 
a cutoff power law is acceptable according to the K-S test. 

We combined the luminosities from all of the different ob- 
servations; as before, we included the effects of varying ex- 
posure (including vignetting), the time dependent QE degra- 
dation of the ACIS-S3 chip, and the PSF fraction of source 
counts within the region used to extract the counts. We give 
this luminosity, combining all five observations, as L a u in Ta- 
ble|6](column 4). 

One can compare L a u to the individual luminosities us- 
ing x 2 to test if the individual values are all consistent with 
a constant luminosity. In Figure [8] we display the LF of 
sources with a < 220" and a < 90% probability of being vari- 
able. We fit this LF (for 68 sources in the Analysis Sample 
with L a n > 1.4 x 10 37 ergss~ 1 ) using the same techniques we 
have used previo usly dPaper J : iPaper III : iBlanton et alJl200H : 
llrwin et alj|2002l) . Since the average completeness correction 
factor in the Analysis Sample is only ~ 1 .01, we do not apply 
completeness c orrections for thi s fit. We adopted the back- 
ground LF from Kim et al. ( 2004); however, we have assumed 
that background sources exhibit the same level of variability 
as the LMXBs and reduced the expected background number 
from 11.7 to 8.2. 

We modeled the LMXB populations with a single power 
law, a cutoff power law, and a broken power law. 



Single : 



Cutoff : 



Broken : 



dN 

dLyi 

dN 

dLyi 

dN 
dhxi 



37 



= N)r 



--No, b 




if L X <L C ; 
otherwise; 

if L x <L h ; 

otherwise, 



(4) 
(5) 

(6) 



where L37 is the X-ray luminosity in units of 10 37 ergs s" 1 . We 
used the maximum likelihood method to determine the best 
fits to the cumulative LF and Monte Carlo techniques to deter- 
mine the errors (90% confidence interval). A K-S test against 
the cumulative distribution function of our best-fit LF indi- 
cated only a 12% chance that the single power law is a proper 
fit. Much better fits were achieved for a cutoff power-law 
(Ax 2 = -10.6 for one less dof) with N (lc = (9.5+ 2 ||) x 10" 2 , 
ct c = 1.48^, and L c = (6.0!?, x 10 38 ergss" 1 and for a bro- 
ken power-law (A\ 2 = -14.3 for two less dof) with No,b = 
"i = 1 -02^:i, a h = and L b = (10.6^) x 
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FIG. 9. — Completeness-corrected, instantaneous, differential luminosity 
function from all five observations for sources detected within a < 220" . Fits 
were performed on the solid data-points, whose incompleteness correction is 
minimal. The continuous curves are the sum of the best-fit LMXB luminosity 
function and the expected background source counts. The broken power law 
is the best fit; however, a cutoff power law cannot be rejected according to 
the x 2 test ( at m e 85% confidence level for a majority of fits with different 
realizations of the background LF). The reliability of both the best-fit broken 
power law LF and the incompleteness correction factors are strengthened by 
the broken power law LF going through many of the dotted data-points (above 
10 37 ergs s ) that were not part of the fit. 



10 37 ergss _1 . Although the broken power-law is the best fit 
according to A% 2 , we note that the one-sided K-S test indi- 
cated the cutoff power law model was acceptable (at the 50% 
confidence level). All three fits are overlaid in Figure[8] 

Since each of the five observations is an independent mea- 
sure of the instantaneous LF, there are enough datapoints that 
one can apply fits of equations 0^6] to a binned, differential 
LF using standard \ 2 techniques. In addition to the five-fold 
increase in the number of datapoints, this analysis has the ad- 
vantage of including variable sources and producing a clearer 
goodness-of-fit test than is provided by the K-S statistic. We 
chose to combine the luminosities in bins of at least 25 in- 
stantaneous luminosities. Since there are five observations, 
each luminosity added 0.2 to the instantaneous LF. All fits 
were done for Lx > 4 x 10 37 ergss _1 to avoid problems due 
to incompleteness and less accurate measurements of Lx', this 
resulted in 12 bins being used to fit the LFs. For our best fit 
single, cutoff, and broken power law LFs we found x 2 = 25.1, 
14.0, and 4.9 for 10, 9, and 8 dof, which correspond to rejec- 
tion probabilities of 99.5%, 88%, and 23%. We believe that 
one of the reasons these rejection probabilities are stronger 
than for the K-S statistic is that the K-S test is less sensi- 
tive at the ends of its distribution. The single power law is 
strongly rejected. The broken power-law is clearly the best fit, 
with N . b = 3 . 1 ± 1 .5, ai = 0.83 ± 0.52, a h = 2.38 ± 0.33, and 
L b = (10.8 ±2.9) x 10 37 ergss -1 ; however, we do not defini- 
tively rule out a cutoff power law with Nq >c = 0.19 ±0.11, 
a c = 1 .55 ± 0. 1 8, and L c = (4.9 ± 1 . 1 ) x 1 38 ergs s" 1 (90% con- 
fidence intervals). We als o checked for e ffects due to errors in 
the background LF from lKim et al.l (2004) by determining the 
best-fit LMXB LFs assuming 100 randomized realizations of 
the background LF. The single power law was rejected at the 
98% confidence level for all realizations. For 90% of the re- 
alizations, the cutoff power law can be rejected at better than 
the 85% confidence level (the lowest rejection is at the 70% 
confidence level). Including these effects would have little 
impact on our error budget. 

We display the completeness-corrected, instantaneous, dif- 
ferential luminosity function of the five observations for 



FIG. 10. — Cumulative luminosity functions (Lx = ^constant) of X-ray 
sources in the HST-ACS FOV, excluding sources identified with non-GC op- 
tical sources. There are more bright X-ray sources in GCs; however, this 
difference is not highly statistically significant. 



sources detected within a < 220" in Figure [9] The best-fit 
single, cutoff, and broken power law LFs derived above are 
overlaid. The reliability of both the fitted LF and the inde- 
pendent completeness correction factors (above 10 37 ergss _I ) 
are strengthened by the broken power law LF going through 
many of the low luminosity data-points that were not included 
in the fitting process. 

In Figure [10] we have displayed the LFs (using L a \\) of X- 
ray sources in the HST-ACS FOV that are in GCs (34 GC- 
LMXBs) and in the field (44 Field-LMXBs). After proper 
renormalization, the distributions track each other very well 
when Lx < 3 x 10 37 ergss _1 . Above 6 x 10 37 ergss _1 , there 
are always more G C-LMXBs than Field -LMXBs. A similar 
result was found bv lAngelini et alj d2001l) in NGC 1399, but 
was not seen clearly in other samples of early-type galaxie s 



was not seen clearly in other samples or early-ty pe galaxies 
dKundu et alj|2002h ISarazin et alj|2003t Uordan et al.|[2004bl) . 
Neither the K-S (Pks = 0.33) nor the Wilcoxon rank-sum test 
cwrs = 0.8 indicate that the two LFs are drawn from a differ- 
ent distribution. On the other hand, we can construct 2x2 
contingency tables, comparing the numbers of Field-LMXBs 
and GC-LMXBs below and above a given lumi nosity, and 
calculate Fisher's Exact Test probabilities (Pfe; Fisherl fl922h 
that indicate <10% chance that the rows and columns are in- 
dependent. Since probabilities of independence calculated 
from contingency tables do not take into account the free- 
dom to choose the luminosity used to divide the populations, 
the luminosity chosen must be physically motivated. If we 
choose the luminosity corresponding to the Eddington limit 
for a hydrogen accreting 1.4M Q NS (1.8 x 10 38 ergss _1 ), we 
find Pfe = 036. While this is suggestive of a discrepancy 
between the LFs, we do not believe the current data clearly 
indicates a statistically significant difference between LFs of 
Field-LMXBs and GC-LMXBs. 

We also searched for any variation of the LF with projected 
galactocentric distance, using the Sp earman's rank cor relation 
coefficient (hereafter Spearman's p, Spearmanl l 19041) . which 
is a non-parametric test for correlations between two prop- 
erties. Using both instantaneous and constant luminosities 
for sources within a < 220", as well as constant luminosi- 
ties over the entire FOV, we found no significant evidence of 
a correlation between luminosity and spatial position, a, for 
Analysis Sample sources. Similarly, no spatial difference in 
the constant luminosity of significantly detected sources was 
indicated by a Wilcoxon rank-sum comparison of two spa- 
tial bins, a < a e ff and a > a e s. We display the luminosities 
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FIG. 1 1 . — Merged luminosities (Lx = ^constant) and hardness ratios as a 
function of the projected galactocentric semimajor distance, a, for Analysis 
Sample sources. No significant spatial difference in the luminosity function 
is observed. Correlations between hardness ratios and position (harder at 
greater distance) appear to be associated with sources beyond 220" , and are 
likely due to hard background AGNs as opposed to LMXBs in NGC 4697. 

of Analysis Sample sources versus galactocentric semimajor 
axis in the top frame of Figure [TT] 

8. HARDNESS RATIOS 

The spectral properties of sources can be crude ly char- 
acterize d by hardness ratios or X-ray colors (e.g., iPaper Ik 
iPaper III) . We defined hardness ratios of H 2 \ = (M-S)/(M+ 
S),H 3 i = (H-S)/(H+S), andff 32 = (H-M)/(H+M), where 
S, M, and H are the total counts in the soft (0.3-1 keV), 
mediu m (1-2 keV), and hard (2-6 keV) bands (Sivak off et alj 
2004). Hardness ratios without superscripts are the measured 
values; we use the superscript to indicate the intrinsic hard- 
ness ratios, correcting for Galactic absorption and QE degra- 
dation in the Chandra ACIS detectors. The counts in each 
band are corrected assuming the best-fit Chandra X-ray spec- 
trum of the inner resolved sources (a < a e ff: Table [7] row 
3). Since the different observations had different QE degra- 
dations, we adopted the following technique for correcting 
the observed counts in a band. Let iV;,;,* be the net counts 
for source i in band j during observation k, and let Cj^ be 
the absorption and degradation correction to counts for ob- 
servation k in band j. (The QE degradation was assumed 
to be independent of position on the detector and thus the 
same for all sources within a given observation.) The com- 
bined correction for source i in band j is given by (Qj) = 
J2(Cj-kNij,k)/J2Ni.j.k, where the sums are only performed 
k ' k 

over observations where 2V; ; £ > 0. We require that iV; ; * > 
because there is no correction to the source hardness when a 
source is not emitting at a detectable level. Having determined 
the appropriate correction, the corrected number of counts for 
source i in band j is Nfj = (Cjj) J^Vjj^, where the sum is now 

k 

over all observations. The corrected band counts are then used 
to calculate the corrected hardness ratios. We also combined 
Monte Carlo simulations of the observed counts in the source 
and background apertures with the count corrections to calcu- 
late the lcr confidence intervals for the hardness ratios. (When 
no counts are observed, we set the expected number of counts 



in the Monte Carlo simulations to 0.653. This is the average 
expectation for the Poisson distribution for expected numbers 
of counts between and 1.841, which are the lcr confidence 
intervals on a measurement of zero counts.) 

X-ray color-color diagrams of the combined intrinsic hard- 
ness ratios of the Analysis Sample sources are shown in Fig- 
ure [12] The values of the hardness ratios and their lcr errors 
are listed in columns (5)-(7) of Table [6] Harder sources tend 
to lie in the upper right of Figure fT2h. Extra absorption tends 
to push objects to the right in Figure[T2b. 

The majority of sources have hardness ratios consistent 
with power-law indices of 1.2-2.0. On average, these sources 
tend to lie to the right of the power-law curve, which might 
indicate some extra absorption is occurring. A few sources 
occupy very different positions in the hardness ratio planes. 
Sources 81, 96, 105, 112, 123, 134, 146, 148, 153, and 158 
are harder than the typical source in NGC 4697. Both their 
spectral properties and tendency to occur farther away from 
the center of NGC 4697 suggest that these very hard sources 
may be unrelated, strongly absorbed AGNs. Sources 11, 19, 
25, 78, 84, 94, 110, 121, and 156 are softer than the typical 
source in NGC 4697. Sources 84 and 156 both have optical 
counterparts; the former is an extended object much redder 
than a typical GC, while the latter is a star. Sources 19, 25, 
78, and 110 have little if any emission above 1 keV and are 
all SSs. Based on its H32 color, Source 150 may be strongly 
absorbed or have a very atypical spectrum. 

As with luminosity, we used the Spearman's p test to search 
for a correlation between merged hardness ratio and galacto- 
centric semimajor distance, a. We display the hardness ra- 
tios of Analysis Sample sources versus spatial position in the 
bottom frames of Figure [TT] If we use the entire Analysis 
Sample, we find 1.8<r, 2.2a, and 1.8er significant correla- 
tions of ffji' ^31 > an d H® 2 , respectively, with distance. In 
each case, the sense of the correlation is that harder sources 
are found at larger a. These correlation become insignificant 
(< lcr) when only sources with a < 220" are considered. The 
Wilcoxon rank-sum comparison of a < 220" and a > 220" 
significantly detected sources reproduces the effects seen by 
the Spearman's p test. However, we believe that the corre- 
lation at larger distances is due to the increasing dominance 
of hard background AGNs, as opposed to LMXBs intrinsic 
to NGC 4697. Scaling the expected number of sources un- 
related to NGC 4697 with the area in each region, we expect 
~ 12/97 and ^ 17/29 Analysis Sample sources are unrelated to 
NGC 4697 for a < 220" and a > 220", respectively. 

9. SPECTRAL ANALYSIS 

We performed an analysis of the spectra of sources in the 
0.5-10.0keV band, extracting the spectra and response files 
separately for each observation of each source. The back- 
ground spectra for each source were determined locally, using 
the same nearby regions as discussed in §[4] Note that the re- 
sponse files for each separate observation and source include 
the varying effects of absorption by the contaminant which 
produces the QE degradation in the ACIS detectors. Since 
the majority of our sources are too faint for spectral analysis, 
we co-added the spectra and responses of groups of sources 
for each observation. We only included sources whose total 
count rate was determined at the 3cr level. We also excluded 
the sources discussed individually in § 19.51 and Source 110 
(see Paper V). All of the spectra were grouped to have at least 
25 counts per spectral bin prior to background correction to 
enable our use of \ 2 statistics. The use of a minimum number 



14 



SIVAKOFF ET AL. 



HGC 4697 


A - 
















. i , . . 


(§iir O 

1 .... 1 .... 1 .... 1 . 


-1 


-a .5 0.5 1 
H?1° 



HGC 4697 






o 



□ 
o 



Fig 
Here. 



H?1 U 

X-ray color-color diagrams //jj vs. fljj (left) and fl£, vs. fl?j (right) for the combined counts from all observations for the Analysis Sample sources. 

(M -S°)/(M°+S ), H° t = (H -^)/(H + S ), and H° 2 = (H° -M°)/(H° +M°), where 5°, M°, and H° are the counts in the soft (0.3-1 keV), 
medium (1-2 keV), and hard (2-6 keV) bands, corrected for the effect of Galactic absorption and QE degradation according to the best-fit spectra of resolved 
sources. The area of each circle is proportional to the observed number of net counts. The solid curve and large diamonds show the hardness ratios for power-law 
spectral models; the diamonds indicate values of the power-law photon number index from T = (upper right) to 3.2 (lower left) in increments of 0.4. The model 
underwent the same correction as the sources. The Icr error bars at the upper left illustrate the median of the uncertainties. 
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of counts per spectral bin and the restricted energy range in 
the spectrum can result in some excluded bins, although those 
bins have some photons in the allowed energy range. Unless 
otherwise noted, the individual observations were required to 
have the same spectral shape, but their normalizations were 
allowed to vary. 

The spectra of Galactic LMXBs can be complex. High 
luminosity LMXBs, like those seen in NGC 4697, have of- 
ten been modeled with multi-component models that may in- 
clude combinations of an isothermal blackbody, a multi-color 
disk blackbody, a Comptonized power-law, or more compli- 
cated models dWhite et al. 1995). For our observations, there 
are two complicating factors. First, we are looking at a col- 
lection of sources, each of which is likely to have a some- 
what different spectrum. Second, our spectra, even when 
co-added, have a much lower signal-to-noise ratio than that 
for a Galactic LMXB. Therefore, we have only attempted to 
fit simple power-law or bremsstrahlung models to our spec- 
tra. We summarize the results of the spectral fits in Ta- 
ble [7] In each row, we list how the sources were grouped 
together in the second column. In the third column we list 
the model we used to fit the spectra. In addition to the input 
model, we accounted for an absorption column (Nh) using 
the Tuebingen-Bo ulder absorp ti on (T BABS) model assuming 
abundances from IWilms et al.l (l2000|) and pho toelectric ab- 
sorption cross-sections from lVerner et al.l(ll996l) . The absorb- 
ing column will typically be fixed at the Galactic abs orption 
column (2.14 x 10 20 cm 2 ; iDickev & Lockmanl [l990l) : how- 
ever, some fits require non-Galactic absorption. Absorption 
columns below the Galactic value may indicate extra emis- 
sion beyond the chosen model at low energies, while absorp- 
tion columns above the Galactic value may indicate the pres- 
ence of a local absorber or that the intrinsic spectra at low 
energies is softer than the model spectra. The value of the 
absorbing column density (Nh) is given in the fourth col- 
umn. In the fifth column, we list either the temperature kT 



(for bremsstrahlung) or photon number spectral index T (for 
a power-law). The sixth through tenth column list the un- 
absorbed fluxes F (0.3-10 keV) of observations 0784, 4727, 
4728, 4729, and 4730 respectively. The last two columns give 
the total number of net counts in each set of spectra and \ 2 
per dof for the best-fit model. All errors reported in the spec- 
tral analysis are 90% confidence level errors. Parentheses are 
used to indicate a frozen parameter, and square brackets are 
used when an error is unconstrained on one side. 

9.1. Best-Fit Spectra of LMXBs 

To determine the best-fit spectra for all LMXBs, we consid- 
ered the spectrum of all significantly detected sources within 
the elliptical isophote that contains half of the optical light 
(a < lfl e ff; Table [7] rows 1-4). Of the four fits to this spec- 
trum, those with bremsstrahlung models (bremss, rows 3 and 
4) were significantly better than those with power-law models 
(power, rows 1 and 2). For one dof, the A\ 2 > 12.8. We 
note that the derived power-law photon indices, T = 1-47- 
1 .66 a re consistent with T = 1 .56 ± 0.02 found by [Irwin et alJ 
(HH for LMXBs in a sample of early-type galaxies. The 
better fit to a bremsstrahlung model compared to a power- 
law model has important implications for estimating the un- 
absorbed flux of a source; the flux conversion for the Galactic- 
absorbed bremsstrahlung model is ~ 10% lower than that for 
the Galactic-absorbed power-law model. There is no evidence 
for a non-Galactic absorbing column in the bremsstrahlung 
models (Ax 2 = 0.08 between row 3 and 4). We adopt row 3 
(Nh = 2.14 x 10 20 cm 2 , kT = 9.l!j;^keV) as our best-fit spec- 
tra. We believe that calibration changes may acc ount for our 
spectr a being slightly harder than that found by llrwin et al] 
(2003) (kT = 7.3 ±0.3keV). We display the observed spectra 
overlaid by the best-fit spectral model in Figure[T3] Hereafter, 
we present results for a bremsstrahlung model with Galactic 
absorption in different selections of sources. We also present 
other models (power-law or non-Galactic absorption) when 
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FIG. 13. — Top panel: Cumulative X-ray spectra of the resolved sources 
in the inner effective elliptical isophote of NGC 4697 overlayed by the solid 
histograms of the best-fit model spectra (Table[7j row 3). The different ob- 
servations are shown in different colors. Bottom panel: Contribution to \ 
with the sign indicating the sign of the residual. The differences between Ob- 
servation 0784 and the Cycle-5 observations at low energies are the result of 
increased QE degradation with time due to a contaminant. 

they are statistically better fits. 

9.2. Spectra Grouped by Position 

In Table [7] rows 3, 4-6, 8 and 9, we compare 
bremsstrahlung models with Galactic absorption for differ- 
ent collections of sources grouped by position. These re- 
sults mirror those presented previously based on hardness ra- 
tios. When we compare the independent fits of sources within 
a < fl e ff (row 3) and in the annulus a e ff < a < 2a e ff (row 5) 
to the fit when their temperatures are tied together (row 8), 
we find a A% 2 = 0.5 for 1 dof. There is no evidence for any 
spectral variation with galactocentric distance within 2a e s. 

On the other hand, there is evidence for a spectral change 
for sources within 2a e ff < a < 3a e ff- First, comparing the fit to 
the spectra when the temperatures within 3a e ff are grouped to- 
gether (row 9) to the fits when the temperatures can vary (rows 
3, 5, and 6) indicates a slightly significant statistical difference 
(A% 2 = 7.0 for 2 dof and the f-test indicates the probability 
that the free temperature model comes from the tied tempera- 
ture model is 4.0%). Furthermore, a power-law fit (row 7) for 
2a e ff < a < 3a e ff sources is a statistically better fit ( A% 2 = 4.3 
for dof) than a bremsstrahlung fit (row 6). The increasing 
dominance of background AGN in the spectra of regions fur- 
ther away from the galaxy center is a likely cause for the ap- 
parent spatial variation of the spectra. Our flanking-field HST 
observations will allow us to better address this issue by better 
identifying background AGN. 

9.3. Spectra Grouped by GC Association 

We compare bremsstrahlung models in Table|7]rows 10-18 
for different collections of sources grouped by their associa- 
tion with GCs in the HST- ACS FOV. Our comparisons of GC- 
LMXBs, Field-LMXBs, and their combination (rows 10, 12, 
and 14; rows 1 1, 13, and 15) indicate that the GC-LMXBs and 
Field-LMXBs are likely to be fit by different spectrum. When 
a Galactic absorbing column is used, the A\ 2 = 8.6 for 1 dof 
and the probability both populations have the same tempera- 
ture and absorption is 3.1 x 10~ 3 . The disparity is even larger 
if we allow a non-Galactic absorbing column; A\ 2 = 14.0 for 
2 dof and the probability they have the same temperature and 
absorption is 7.7 x 10~ 4 . 

The best overall fit comes from allowing both GC-LMXBs 
and Field-LMXBs to have independent absorbing columns 
and temperatures (rows 1 1 and 13). The GC-LMXBs are bet- 



ter fit with a harder spectrum and larger absorbing column 
compared to the Field-LMXBs. Although a larger absorb- 
ing column in GC-LMXBs might explain this discrepancy, 
we note that the absorption column of Field-LMXBs tends 
be pushed towards sub-Galactic columns. This suggests that 
the bremsstrahlung model underpredicts the low-energy end 
of their spectra. A more accurate model and better under- 
standing of low energy calibration issues is required to better 
probe the cause of the discrepancy in spectra between GC- 
LM XBs and Field-LMXBs 

In lMaccarone e t al. (2003), the summed spectra of LMXBs 
in blue-GCs are found to be harder than the summed spectra 
for LMXBs in red-GCs. This appears to be best explained 
by an additional absorbing column in blue-GCs and is at- 
tributed to irradiation induced winds. While extra absorp- 
tion due to winds might explain why our GC-LMXBs have 
a larger column than Field-LMXBs, we note that our data is 
not entirely consistent with this scenario. When we compare 
the fits of spectra of red-GC-LMXBs and blue-GC-LMXBs 
where they share the same absorbing column and tempera- 
ture to fits where they have independent absorbing columns 
and temperatures, we find the A% 2 = 5.6 for 2 dof and the 
probability they have the same temperature and absorption is 
6.1%. These differences are only marginal at best. Although 
the blue-GC LMXBs have a harder temperature than red-GC 
LMXBs, they also have a lower absorbing column that tends 
towards being sub-Galactic. Our understanding of the spec- 
tra of the blue-GC-LMXBs is limited by their relatively small 
numbers. In addition to a more accurate model and better un- 
derstanding of low energy calibration issues, the spectra of 
blue-GC-LMXBs from many galaxies should be combined to 
improve our statistics. 

9.4. Spectra Grouped by Luminosity 

In our final grouped spectral fits, we examine the different 
spectra in two luminosity bins, Lj,% < 2 and Ljg > 2, where 
Z/38 = Lx/10 38 ergss _1 . Since the brighter sources are above 
the Eddington limit for a hydrogen accreting 1 .4M Q NS, they 
are likely to be either super-Eddington accreting NS-LMXBs 
or BH-LMXBs. Since we believe AGN may be significantly 
contaminating the spectra outside of 2a e ff, we restrict our sam- 
ple to LMXBs interior to that semi-major distance. We note 
that the brightest X-ray source in this spatial region (Source 
58) has L 38 ~ 6. 

Comparing the fainter LMXBs, the brighter LMXBs, and 
their combination (rows 19, 21, and 23; rows 20, 22, and 
24) indicates that the fainter and brighter LMXBs are likely 
to have different spectra. Separate spectra improve the fit by 
Ax 2 = 7.7, and the probability both populations have the same 
temperature and Galactic absorption is 4.4 x 10~ 3 . Again, 
the disparity is larger if the groups are allowed to have dif- 
ferent absorbing columns; the A\ 2 = 14.2 for 2 dof and the 
probability both populations have the same temperature and 
absorption is 5.5 x 10~ 4 . The best-fit comes from allowing 
faint LMXBs and bright LMXBs to have different tempera- 
tures and absorbing columns. Both populations tend to have 
the same temperature (~ 8keV). The fainter LMXBs tend to 
have smaller (mostly sub-Galactic) absorbing columns, while 
the brighter LMXBs tend to have a small excess absorption 
column (ANh = 3.8+ 2 ' I x 10 20 cm 2 ), perhaps of local origin. 
If some fraction of the mass transferred to the compact object 
is not accreted and ends up acting as a source of absorption, 
the larger rate of accretion in brighter sources might account 
for the extra absorption column. 
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9.5. Individual Source Spectra 

We can also explore the individual spectra of several 
sources. Although we mainly consider sources with L a n > 
6 x 10 38 ergss _1 , we also discuss the spectrum of the central 
source (Source 1). The spectra were extracted in the identical 
manner as the grouped spectra above. For these fits, the er- 
rors in fluxes and luminosities are only the scaled errors in the 
count rates from the spectral fitting process. The spectrum 
of the variable transient Source 110 is discussed in detail in 
Paper V. 

Source 1: The central source in NGC 4697 could be a cen- 
tral AGN, an LMXB, or a collection of confused LMXBs. Al- 
though the source is not particularly bright (spectral fits made 
to 343.9 total net counts), we extracted its individual spectra. 
The source is best fit by a power-law V = 1 .40^22 with Galac- 
tic absorption (\ 2 = 1 1 .6 for 8 dof). The weighted unabsorbed 
luminosity at NGC 4697 for this spectra, (4.00 ± 0.20) x 
10 38 ergss _1 , is 12% higher than that derived from the best-fit 
spectral shape for sources within a < a e s, which is consistent 
with the difference between power-law and bremsstrahlung 
models. As this spectral fit is completely consistent with ei- 
ther a central AGN having a low absorbing column or an 
LMXB (or several LMXBs), the nature of Source 1 is still 
unknown. 

Source 117: This source is known to be an AGN at z = 0.696 
(Paper II). The total net counts fit by spectra for this source 
was 993.3, but there was a large variance between obser- 
vations. (We fit to 49.3 net counts in Observation 4729 
and 280.0 in Observation 4730.) As we discuss in Paper 
V, the spectral state of this source in Observation 4729 ap- 
pears to differ from that in the other observations. We ac- 
counted for this by allowing Observation 4729 to have a 
different absorption than the other observations. The best- 
fit spectra (x 2 = 30.1 for 31 dof) involved absorbed power- 
law (T = 1.55^ 23) models. Observation 4729 had a much 
larger absorbing column (Nh = 3.4+[ g x 10 22 cm 2 ) than the 
other observations (Nh = 2.3+Jg x 10 21 cm 2 ). This fits im- 
plies absorbed 0.5-8.0keV X-ray luminosities of (1.18 ± 
0.08,1.48±0.09,1.00±0.08,1.12±0.16, and 1.43±0.09)x 
10 44 ergss _1 , respectively, for Observations 0784, and 4727- 
4730. 

Source 134: Source 134 is the brightest X-ray source 
in our observations and has 1973.3 net counts in its spec- 
trum. Its hardness ratios, which vary between observations 
(see Paper V) indicate it is harder than a typical LMXB. Its 
spectra are best-fit (x 2 = 56.4 for 65 dof) by a power-law 
model (T = 1.79+oJ 8 ). Each observation has a different ab- 
sorbing column: (1.35^,1.59^,0.85^,1.10^, and 
I.3O+035) x 10 22 cm 2 , respectively, for Observations 0784, 
and 4727-4730. If Source 134 is at the distance of NGC 4697, 
its unabsorbed 0.3-10.0keV X-ray luminosities are then 
(4.21±0.20,4.92±0.23,3.25±0.17,3.77±0.21, and4.42± 
0.22) x 10 39 ergs s" 1 . In this case, Source 134 would be a heav- 
ily absorbed ULX. However, we believe it is more likely that 
this source is a background AGN with absorbed 0.5-8 .OkeV 
X-ray fluxes of (1 .36 ± 0.07, 1 .54 ± 0.07, 1.16 ± 0.06, 1 .28 ± 
0.07, and 1.44 ±0.07) x lO^ergscrrrV 1 . 

Source 143: This source appears to have an uncatalogued 
DSS counterpart. Although the X-ray source is bright, 
Source 143 only has enough counts for spectral fitting in 
Observation 4730 (150.4 net counts). The best-fit model 
(X 2 = 4.1 for 4 dof) is a Galactic-absorbed power-law (Y = 



1.92^;||). Its absorbed 0.5-8.0keV X-ray flux is (2.59 ± 
0.21) x 10- 14 ergscm- 2 s _1 . Its unabsorbed 0.3-10.0keV X- 
ray luminosity at the distance of NGC 4697 is (5.1 ± 0.4) x 
10 38 ergss _1 for this spectral model. 

Source 155: Like Source 143, Source 155 appears to have 
an uncatalogued DSS counterpart. We fit spectra to 621.8 
net X-ray counts from Observations 4727-4729. Although 
we tried power-law, bremsstrahlung, disk blackbody, and 
gas models (apec), none of these spectra gave a good fit. 
The Galactic-absorbed power-law (T = 1 .26+o[ 2 ) was the best 
fit we found (x 2 = 34.5 for 21 dof), with the model tend- 
ing to underpredict emission below ~ 2keV. This spectral 
model implies absorbed 0.5-8. OkeV X-ray fluxes of (5.48 ± 
0.40,6.17 ± 0.44,7.46 ± 0.50) x lO-^ergscnrV 1 , respec- 
tively for Observations 4727-4729. The unabsorbed 0.3- 
10. OkeV X-ray luminosities at the distance of NGC 4697 are 
(1 .07 ± 0.08, 1 .20 ± 0.09, 1 .45 ± 0. 10) x 10 39 ergs s" 1 , respec- 
tively. 

Source 156: This source is clearly associated with the 
bright foreground star BD-05 3573, whose optical colors are 
roughly consistent with an early to m iddle G type sta r. Its ef- 
fective temperature is r e g ~ 5300 K (lGondoinlll999l) . Based 
on its optical magnitude, the distance to the star is likely to 
be ~ 7 - 700pc, for dwarf to giant luminosity classes, re- 
spectively. In the three observations during which it is in our 
FOV (Observations 4727-4729), the spectrum contains 563.5 
net counts. Among likely, simple stellar models of X-ray 
emission, we find the emission spectrum from collisionally- 
ionized diffuse gas (apec) model that has kT = 440^ eV and 
a heavy element abundance of 1.18[> 0.32] solar fits best. 
The temperature, ~ 5 x 10 6 K, is reasonable for that of an X- 
ray corona. While the 0.3-10. OkeV X-ray fluxes are (2.89 ± 
0.17,1.68±0.15, and 1.88±0.15,) x lO-^ergscnrV 1 , the 
bolometric flux is ~ 60% higher. We note that the X-ray lumi- 
nosities expected at the distance of a giant G star are consis- 
tent with those o f other K and G giant stars with T e ff ~ 5300K 
(lGondoinl [l999). One class of giant stars, FK Comae stars, 
are rapidly rotating chromospherically active stars. Such ac- 
tivity might explain the X-ray flaring (see Paper V) observed 
in this source. Follow-up optical spectroscopy is necessary to 
determine the spectral type and rotation speed of BD-05 3573 
and to test whether it is an FK Comae star. 

10. CONCLUSIONS 

Multi-epoch Chandra observations reveal a wealth of in- 
formation on LMXBs in NGC 4697, the nearest optically 
luminous elliptical galaxy. We detect 158 sources, 126 of 
which have their count rates determined at > 3a. Ten sources 
have optical counterparts in ground-based catalogs, includ- 
ing a known AGN (Source 117) and the foreground star BD- 
05 3573 (Source 156). With our Hubble observations of 
the galaxy center, we find 36 additional optical counterparts. 
Most importantly, we identify 34 LMXBs clearly associated 
withGCs. 

We confirm that GCs that are optically brighter (4.5er) and 
redder (3. Oct) are more likely to contain GCs. We find that 
GCs with larger encounter rates are also more likely to con- 
tain GCs (5.5cr). When we fit the expected number (A,) of 

LMXBs in a GC, we find A f oc T h ~° 13 (Z / Z Q ) - 50 ^* , where 
Tf, is the encounter rate and Z/Z is the metallicity of the 
GC. Our results agree we ll with those found for fainter X-ray 
sourc es in Galactic GCs dPoolev et"ai1l2003l) and LMXBs in 
M87 dJordan et al.ll2004bl) . These results are also consistent 
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with IS 20071: however, our NGC 4697 data set is included in 
that analysis. 

We detect sources with X-ray luminosities > 6 x 
10 36 ergss _1 . The fraction of LMXBs associated with GCs, 
fx.cc, is 38.4^ '% and does not appear to depend on X-ray 
luminosity. We find 10.7± 2 ]% of GCs contain an LMXB 
at the detection limit, although we note that it is likely that 
the percentage of GCs with an active LMXB is even higher 
due to the X-ray flux limit of the current observations. Fur- 
thermore, our X-ray detections are not complete at the detec- 
tion limit. At the luminosity limit of our Analysis Sample 
(1.4 x lO^ergss" 1 ), which is > 89% complete, 8.l!j|% of 
GCs contain an LMXB. This is the third deepest probe of 
the GC/LMXB connection in an early-type galaxy to date. 
[At 3.4Mpc, fainter luminosities can be more easily reached 
with Cen A; however, studies of the GC-LMXB connection 
in Cen A are made more difficult by its larger an gular ex- 
tent on the sky and recent star-formation (llsraelll 19 98)1. Deep 
observations of NGC 3379 probe deeper in luminosity; how- 
ever, only nine of its GCs contain LMXBs.] At this same 
limit, there have been two (1.3^ 9%) Galactic GCs contain- 
ing LMXBs (NGC 6440 and NGC 6624) over the history of 
X-ray astronomy. The discrepancy between the Milky Way 
and NGC 4697 may be explained by their different GC metal- 
licity distributions (a 3:1 metal -poor to metal rich ratio for 
Galactic GCs as compared to a 1 : 1 ratio for NGC 4697 GCs). 
Since metal-rich GCs ([Fe/H] > -0.75) are about 3 times as 
likely to contain LMXBs, NGC 4697 is predicted to have 
about twice the percentage of GCs with LMXBs as the Milky 
Way. This correction eliminates most of the discrepancy be- 
tween the two galaxies. 

We have determined the X-ray luminosity functions from 
each individual observation, from the combination of our five 
observations, and the LF of the non-variable sources. There is 
no statistically significant difference in the LFs of the different 
observations. This result is critical because it validates using 
single-epoch observations to measure LFs. While we clearly 
rule out a single power-law LF, we cannot definitively rule 
out cutoff power-law models with slopes of a = 1 .5 ± 0.2 and 
cutoff luminosities of (6^) x 10 38 ergs _1 . Broken power-law 
models (eq. J6)) provide the best fits to our LFs. We adopt our 
fit of the instantaneous LF as our best-fit, with No,b = 3.1 ± 1.5, 
ai = 0.83 ± 0.52, a h = 2. 38 ±0.33, and L b = (10 8 ± 2.9) x 
10 37 ergss _1 . We note that lKim & Fabbianol (|2004|) found ev- 
idence for a possible break in the LF of LMXBs in early-type 
galaxies at slightly larger luminosities; however recent deep 
observations of NGC 3379 and N GC 4278 have no t found 
strong evidence for such a break (Ki m et aI1l2006al) . This 
raises the possibility that there is no universal form for the 
LF of LMXBs in early-type galaxies. 

We find marginal evidence (significant at the 2.1er level) 
that a larger number of LMXBs above the Eddington limit 
for a hydrogen accreting 1.4M Q NS tend to be found in GCs 
than in the fie l d. Al though this is consistent with results in 
lAngelini et"ail (1200 ll) in NGC 1399, we believe this result 



needs to be tested with a larger sample. One possible (e.g., 
iKundu et al.ll2.007b explanation is that multiple LMXBs might 
exist in some GCs. We predict that this effect is small, only 
~ 4 of the GCs are expected to have multiple LMXBs with 
total X-ray luminosity above 1.4 x 10 37 ergss _1 , which cor- 
responds to ~ 16% of the GCs above that X-ray luminos- 
ity. An alternative explanation is that any possible discrep- 
ancy in the LFs occurs at lower luminosities. Such discrepan- 
cies have been seen for the bulge of M3 1 and the Milky Way 
dVoss & Gilfanovll2007l) and the elliptical galaxy NGC 3379 
dFabbiano et alj [2008b : however, this effect is most evident 
at luminosities below those probed by our observations of 
NGC 4697. 

Our spectrum of sources in the inner effective semi-major 
axis is best-fit by bremsstrahlung emission with Galactic ab- 
sorption (kT = 9.l!}; 3 keV, N H = 2.14 x 10 20 cm 2 ). Both hard- 
ness ratios and spectral analysis indicate that the spectra of 
X-ray sources at large radii (a > 180") differ from those at 
small radii. We believe that this effect is due to an increasing 
dominance of unrelated foreground and background sources, 
particularly background AGNs. The spectra of GC-LMXBs 
and Field-LMXBs appear to differ (significant at the 3.3ct 
level). The GC-LMXBs are better fit with higher tempera- 
tures and greater absorbing columns compared to the Field- 
LMXBs. Similarly, we find a difference (significant at the 
3.5(7 level) between X-ray fainter and brighter LMXBs. The 
fainter LMXBs tend to have smaller absorbing columns, while 
the brighter LMXBs tend to have a small excess in absorption, 
which may be due to having more accreting material. We find 
that spectra of LMXBs in metal-poor GCs have harder tem- 
perature and lower absorbing columns than those in metal- 
rich GCs; however, this marginal result is only significant at 
the 1.9(7 level. In all cases, the sources with a smaller ab- 
sorption column tend to be fit with sub-Galactic absorbing 
columns. This indicates that the spectral model (folded in 
with the calibration) underpredicts the soft emission in the 
spectra. To probe the cause of the spectral differences, we 
require a more physically accurate model and better under- 
standing of the calibration at low energies. 

Among the spectral fits to individual bright sources, Source 
117 (a known AGN) and Source 134 had spectral fits with 
large absorbing columns. We predict Source 134 is likely to 
be an AGN. The spectral fit and variability in Source 156 (the 
foreground star BD-05 3573) are consistent with it being an 
FK Comae star, a chromospherically active giant. 
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Source 



No. Name 
(1) (2) 



1 CXOUJ124835. 8-054802 

2 CXOU J 1 24836.0-054803 

3 CXOUJ124835.8-054759 

4 CXOUJ124835.6-054804 

5 CXOU J124836. 1-054802 

6 CXOUJ124835.6-054757 

7 CXOUJ124835.9-054756 

8 CXOU J 1 24836.2-054758 

9 CXOU J 1 24836.5-05480 1 

10 CXOUJ124835.9-054752 

11 CXOUJ124835.3-054754 

1 2 CXOU J 1 24836.3-0548 1 2 

13 CXOUJ124835.1-054811 

14 CXOU J 124836.2-0548 16 

1 5 CXOU J 1 24836.9-05480 1 

16 CXOUJ124836.9-054810 

17 CXOUJ124834.7-054806 

18 CXOUJ124835.4-054745 

1 9 CXOU J 124837. 1-054759 

20 CXOU J 1 24837.0-054753 

21 CXOUJ124835.7-054742 

22 CXOU J 1 24834.5-054759 

23 CXOUJ124836.8-054817 

24 CXOUJ124834.6-054814 

25 CXOU J 1 24834.5-054749 

26 CXOUJ124837.3-054749 

27 CXOU J 1 24834.4-054820 

28 CXOU J 1 24837.7-05480 1 

29 CXOU J 1 24837.7-054806 

30 CXOU J 1 24836.0-054732 

31 CXOU J124837. 5-054743 

32 CXOU J 1 24834.4-054740 

33 CXOUJ124835.0-054831 

34 CXOU J 1 24836.0-054833 

35 CXOUJ124835.3-054732 

36 CXOUJ124833.9-054815 

37 CXOUJ124833.8-054751 

38 CXOU J124833.7-054810 

39 CXOU J124836.7-054731 

40 CXOUJ124837.1-054830 

4 1 CXOU J 1 24836.9-054732 

42 CXOUJ124834.3-054734 

43 CXOU J 124834.3-054831 

44 CXOUJ124833.7-054820 

45 CXOUJ124833.3-054802 

46 CXOU J 1 24838.2-054747 

47 CXOU J 1 24834.6-054727 

48 CXOUJ124833.3-054816 

49 CXOU J 1 24837.7-05473 1 

50 CXOUJ124837.7-054729 

51 CXOUJ124833.9-054834 

52 CXOU J 1 24838.6-054746 

53 CXOU J 1 24836.6-054846 

54 CXOUJ124833.1-054741 

55 CXOU J 1 24836.4-054847 

56 CXOUJ124838.1-054728 

57 CXOU J 1 24839.0-054750 

58 CXOUJ124839.3-054807 

59 CXOUJ124835.0-054856 

60 CXOU J124833. 6-054849 

6 1 CXOU J 1 24834.9-054859 

62 CXOU J124835.0-054704 

63 CXOU J 1 24839.3-054730 

64 CXOUJ124839.7-054741 

65 CXOU J 1 24840.0-054800 

66 CXOU J 1 24839.9-054738 

67 CXOU J 1 24838.8-0547 14 

68 CXOUJ124839.0-054714 

69 CXOU J 1 24832.6-05485 1 

70 CXOUJ124831.8-054838 

71 CXOUJ124837.8-054652 

72 CXOUJ124831.6-054844 

73 CXOU J 1 2483 1 .7-054846 

74 CXOU J 1 24840.8-054823 

75 CXOUJ124831.0-054828 

76 CXOU J 1 24840.9-05473 1 

77 CXOUJ124833.1-054913 



TABLE 1 

Discrete X-ray Sources in NGC 4697 



R.A. 


Dec. 


d 


a 


(h m s) 


(° ' ") 


(") 


(") 


(3) 


(4) 


(5) 


(6) 


11 AO 1C 

12 48 35.86 


AC AO A1 n 

—05 48 02. / 


0.45 


0.46 


11 AO in AO 

12 48 3d. 03 


AC AO AO O 

-05 48 03.3 


2.26 


2.84 


11 AO 1C Ol 

12 48 35.81 


AC An CA A 

-05 4/ 5y.y 


2.89 


4.47 


n a o o c no 

12 48 35.68 


A C A O A A I 

-05 48 04. 1 


3.53 


3.56 


11 AO in K 

12 48 3d. 15 


AC AO A1 I 

-05 48 02. 1 


3.96 


4.12 


n a o o c n c 

12 48 35.65 


AC An C^7 O 

—05 47 57.8 


5.88 


8.87 


11 AO 1C Ctn 

12 48 35. 96 


—05 47 56.5 


6.07 


8.69 


11 AO in 1A 

12 48 36. 29 


A c An co n 
—05 4/ 58. / 


7.07 


7.29 


11 AO in en 

12 48 36.56 


AC A O A1 O 

—05 48 01.8 


10.06 


10.59 


11 AO 1C AA 

12 48 35. yu 


A c An c 1 o 

—05 4/ 52.3 


10.19 


15. 18 


11 AO 1C in 

12 48 35.3 / 


A c An c A n 

—05 4 / 54.6 


11.16 


16.37 


11 AO in ICt 

12 48 36.30 


AC AO 1 1 A 

-05 48 12. 


1 1.36 


17.33 


11 AO 1 C 1 A 

12 48 35. 14 


AC AO 11 1 

-05 48 1 1 .2 


14.26 


15.16 


11 ao in n 

12 48 36.22 


ac ao in i 
-05 48 16. 1 


14.49 


22.43 


11 AO in nc 

12 48 36. y5 


AC A O A 1 1 

—05 48 01.1 


15.84 


16.55 


11 AO in ni 

12 48 36. y2 


AC AO 1 A O 

—05 48 10.8 


17.49 


23.34 


12 48 34.74 


-05 48 06.6 


17.60 


17.75 


11 AO o c An 

12 48 35.4/ 


AC An AC 1 

—05 4/ 45.2 


18.40 


28.48 


11 ao in i c 

12 48 3 /.15 


A c An C A I 

—05 4 / 5y. I 


19.14 


19.52 


11 ao in ao 

12 48 37.03 


nr An co n 

—05 47 53.6 


19.14 


19.38 


11 AO 1 c nn 

12 48 35.77 


AC An A 1 1 

—05 47 42. 1 


20.50 


31.12 


11 AO 1 A CI 

12 48 34.51 


Ar An C A A 

-05 47 5y.4 


20.84 


23.96 


11 AO in OA 

12 48 36. »y 


Ac AO 1 n 1 
-05 48 1 1 .2 


20.92 


30.57 


11 AO 1 A nn 

12 48 34.6/ 


AC AO 1/1 O 

-05 48 14.8 


21.91 


22.79 


11 AO 1 A C1 

12 48 34.52 


A c An A(\ c 

-05 4 / 4y.5 


24.18 


33.14 


11 ao in lei 

12 48 3 /.36 


A c An A A n 

—05 4 / 4y. / 


25.36 


25.91 


11 AO 1 A AO 

12 48 34.48 


AC AO 1A O 

—05 48 20.3 


27.57 


29.79 


11 n ni\ 

12 48 37. 7y 


-05 48 01.8 


28.31 


30.25 


12 48 37.77 


-05 48 06.5 


28.38 


32.50 


12 48 36.07 


—05 47 32.4 


30.24 


44.27 


11 AO in C A 

12 48 3 /.50 


AC An A1 c 

—05 4/ 43.5 


30.61 


32.68 


11 AO 1 A AO 

12 48 34.48 


AC An AC\ 1 

—05 4/ 40.1 


30.75 


45.38 


11 AO 1 C A1 

12 48 35.03 


AC AO 11 A 

-05 48 31.0 


31.27 


40.96 


11 AO in AO 

12 48 36.08 


a c ao ii n 
-05 48 33.6 


31.28 


47.50 


11 AO O C 1 A 

12 48 35.30 


Ac An 11 c 

—05 4/ 32.5 


31.30 


48.40 


11 ao ii ctn 

12 48 33. y / 


AC AO 1 C O 

-05 48 15.8 


31.62 


31.77 


11 ao ii on 

12 48 33.87 


Ar An C 1 A 

-05 47 51.4 


32.08 


40.35 


11 ao ii no 

12 48 33. /8 


AC AO 1 A n 

—05 48 10. / 


32.57 


32.78 


11 AO in n 1 

12 48 36. / I 


AC A H 1 1 O 

—05 4/ 31.8 


32.98 


44.00 


11 in ii 

12 48 37. 13 


Ar AO OA A 

-05 48 30.4 


33.48 


50.99 


11 ao in etc 

12 48 36. 95 


at An 11 n 

-05 47 32.7 


33.73 


43.05 


11 AO 1 A 1 A 

12 48 34.34 


AC An 1 A c 

-05 4/ 34.5 


36.37 


54.44 


11 AO 1 A 1 A 

12 48 34.34 


AC AO 11 1 

-05 48 31.2 


36.92 


43.24 


11 11 n A 

12 48 33.74 


AC AO 1A A 

-05 48 20. 9 


36.96 


37.70 


11 11 11 

12 48 33.33 


AC AO A1 O 

-05 48 02.3 


38.22 


41.29 


11 AO lO lO 

12 48 38.28 


Ac An An c 

—05 4/ 4/. 5 


38.64 


38.71 


11 AO 1 A C A 

12 48 34.64 


Ac An m i 
—05 4/ 21 .5 


39.87 


61.37 


11 AO 11 1\ 

12 48 33.31 


AC AO in A 

—05 48 16.4 


41.01 


41.02 


12 48 37.78 


—05 47 31.7 


41.74 


47.56 


12 48 37.70 


Ar An 1 A O 

—05 47 2y.3 


42.79 


50.04 


11 AO 11 (\1 

12 48 33. y3 


AC AO 1 a n 

—05 48 34.6 


43.45 


49.54 


11 ao oo n c 

12 48 38.65 


Ar An An A 

-05 47 46. y 


44.09 


44. 10 


11 ao in nn 

12 48 36.67 


Ar AO An 1 

-05 48 46.2 


45.21 


69.83 


\n AO 11 1A 

12 48 33. iy 


AC An A 1 A 

—05 4/ 41. y 


45.29 


59.87 


11 ao in An 

12 48 36.4/ 


A C AO An A 

-05 48 4/. 4 


45.77 


70.33 


11 AO O O lO 

12 48 38.18 


A c An 1 A 

—05 4/ 28. y 


47.92 


53.35 


11 AO ICt A1 

12 48 3y.02 


A c An C A 1 

—05 4/ 50.1 


48.36 


48.63 


12 48 39.31 


AC AO f\n 1 

-05 48 07.3 


51.18 


57.36 


11 i c t\n 

12 48 35.06 


-05 48 56.0 


54.89 


77.25 


11 ao ii nf\ 

12 48 33.60 


AC AO A(\ A 

—05 48 4y.4 


58.05 


69.50 


11 1 A Ctl 

12 48 34.91 


AC AO CA A 

-05 48 5y.4 


58.75 


82.02 


11 AO 1C AA 

12 48 35.00 


AC A~J f\A 1 

—05 4 / 04. / 


59.35 


91.47 


11 AO ICt 11 

12 48 3y.33 


AC A~l 11) C 

—05 4/ 30.5 


60.47 


62.26 


11 AO ICt 7C 

12 48 3y. /5 


AC .1-7.11 1 

—05 4/ 41. z 


61.33 


61.33 


11 AO A/\ f\n 

12 48 40.06 


AC .10 AA <1 

-05 48 00. 2 


62.29 


66.25 


11 AO ICt A A 

12 48 3y.yo 


AC A~l TO T 

—05 4/ 38.3 


64.56 


64.62 


11 AO lO 01 

12 48 38.82 


AC .IT 1 .1 C 

—05 4/ 14.5 


64.93 


74.08 


12 48 39.01 


-05 47 14.5 


66.84 


75.22 


12 48 32.63 


-05 48 51.2 


68.83 


76.93 


12 48 31.83 


-05 48 38.6 


70.59 


72.28 


12 48 37.85 


-05 46 52.9 


75.55 


99.97 


12 48 31.66 


-05 48 44.4 


75.79 


78.65 


12 48 31.71 


-05 48 46.7 


76.49 


80.13 


12 48 40.86 


-05 48 23.1 


76.93 


93.31 


12 48 31.03 


-05 48 28.7 


77.14 


77.14 


12 48 40.91 


-05 47 31.5 


81.04 


81.15 


12 48 33.17 


-05 49 13.1 


81.48 


102.38 



Count Rate Paper II 



(10-* s- 1 ) 


S/N 




Source 


Notes 


(7) 


(8) 


(9) 


(10) 


(11) 


25.57±1.26 


20.24 


1.00 


1 


c 


5.58±0.63 


8.86 


1.00 


2 


a 


2.77±0.50 


5.57 


1.00 






7.60±0.75 


10.16 


1.00 


3 




6.73±0.68 


9.91 


1.00 


4 


a 


2.95±0.50 


5.93 


1.00 


5 




13.34±0.93 


14.40 


1.00 


6 




1.39±0.40 


3.53 


1.04 




b,f 


2.66±0.49 


5.47 


1.00 


7?, 10? 




13.08±0.94 


13.98 


1.00 


8 




7.09±0.70 


10.09 


1.00 


9 




2.93 ±0.50 


5.91 


1.00 


11 




3.04±0.50 


6.04 


1.00 


12 




3.52±0.52 


6.71 


1.00 


13 




10.62±0.84 


12.71 


1.00 


14 


d 


2.37±0.47 


5.01 


1.00 


15 




0.94±0.33 


2.84 


1.16 






0.59±0.27 


2.19 


2.74 






6.62±0.68 


9.77 


1.00 


16 




2.33±0.45 


5.19 


1.00 


17 




0.59±0.29 


2.05 


2.34 






1.89±0.42 


4.53 


1.00 


18 


b 


0.65±0.29 


2.20 


2.11 






0.78±0.33 


2.35 


1.37 






5.44±0.62 


8.83 


1.00 


19 




0.55±0.31 


1.76 


3.20 






2.18±0.44 


4.98 


1.00 






1.31±0.37 


3.50 


1.01 


21 




8.76±0.77 


11.42 


1.00 


20 




2.36±0.44 


5.41 


1.00 


23 




16.52±1.02 


16.21 


1.00 


24 




16.91 ±1.03 


16.44 


1.00 


22 




0.65±0.30 


2.13 


1.84 






4.83±0.61 


7.91 


1.00 


25 




7.69±0.71 


10.77 


1.00 


26 




0.62±0.28 


2.19 


1.96 






1.47±0.37 


3.98 


1.00 






1.32±0.37 


3.58 


1.01 






16.84±1.02 


16.45 


1.00 


27 




1.07±0.33 


3.21 


1.04 






1.92±0.40 


4.84 


1.00 






7.53±0.71 


10.64 


1.00 


28 




0.48±0.25 


1.89 


3.51 






1.52±0.37 


4.06 


1.00 






1.23±0.34 


3.60 


1.00 


29 




6.14±0.66 


9.33 


1.00 


30 




0.83±0.30 


2.73 


1.17 






4.19±0.57 


7.30 


1.00 


31 




7.63±0.71 


10.73 


1.00 


32 


a 


1.69±0.38 


4.48 


1.04 


34 


a 


2.37±0.46 


5.22 


1.00 


33 




8.19±0.73 


11.14 


1.00 


35 




1.74±0.39 


4.45 


1.01 






41.02±1.57 


26.18 


1.00 


36 




6.82±0.68 


9.99 


1.00 


37 


f 


2.51 ±0.45 


5.55 


1.00 


38 




4.91 ±0.60 


8.24 


1.00 


39 




42.63 ±1.59 


26.79 


1.00 


40 




1.15±0.34 


3.45 


1.08 






0.41±0.26 


1.58 


5.41 






12.41±0.90 


13.78 


1.00 


41 




0.69±0.28 


2.48 


1.27 






19.81±1.12 


17.62 


1.00 


42 




0.77±0.30 


2.54 


1.98 






0.79±0.29 


2.75 


1.22 






7.05±0.70 


10.10 


1.00 


43 




4.41±0.57 


7.78 


1.00 






7.63±0.73 


10.52 


1.00 


44 




10.08±0.83 


12.12 


1.00 


45 




1.57±0.39 


4.07 


1.00 


46 




3.64±0.53 


6.90 


1.00 


48 




1.36±0.34 


4.03 


1.95 




a 


4.77±0.57 


8.30 


1.00 


47 


a 


1.30±0.34 


3.84 


1.00 


50 




3.78±0.53 


7.19 


1.00 


49 




3.99±0.56 


7.13 


1.00 


51 




3.34±0.51 


6.56 


1.00 







SIVAKOFF ET AL. 

TABLE 1 — Continued 



Source 




R.A. 


Dec. 


d 


a 


Count Rate 




Paper II 




No. 


Name 


(h m s) 


(° ' ") 


(") 


(") 


(iirV) 


S/N 


c, im Source 


Notes 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) (10) 


(11) 



78 

79 

80 

81 

82 

83 

84 

85 

86 

87 

88 

89 

90 

91 

92 

93 

94 

95 

96 

97 

98 

99 

100 

101 

102 

103 

104 

105 

106 

107 

108 

109 

110 

111 

112 

113 

114 

115 

116 

117 

118 

119 

120 

121 

122 

123 

124 

125 

126 

127 

128 

129 

130 

131 

132 

133 

134 

135 

136 

137 

138 

139 

140 

141 

142 

143 

144 

145 

146 

147 

148 

149 

150 

151 

152 

153 

154 

155 



CXOU J 124841. 
CXOUJ124835. 
CXOU J 124830. 
CXOU J 124832. 
CXOU J 124838. 
CXOU J 124841. 
CXOUJ124834 
CXOUJ124839 
CXOU J 124841. 
CXOUJ124833. 
CXOU J 124829. 
CXOU J 124843. 
CXOU J 124832. 
CXOU J 124828 
CXOU J 124829 
CXOU J 124828 
CXOU J 124837. 
CXOU J 124836. 
CXOU J 124829. 
CXOU J 124830. 
CXOU J124835. 
CXOU J124832 
CXOU J 124828. 
CXOU J 124834. 
CXOU J 124834. 
CXOU J 124827. 
CXOU J 124827. 
CXOU J 124832. 
CXOU 1124841 
CXOU J 124826. 
CXOUJ124845 
CXOUJ124826 
CXOUJ124840 
CXOU 1124825 
CXOUJ124839 
CXOUJ124827 
CXOUJ124827 
CXOUJ124846 
CXOU J124827 
CXOU J124846 
CXOU J124834 
CXOU J 124840. 
CXOUJ124835 
CXOU 1124824 
CXOU 1124828 
CXOUJ124826 
CXOU 1124826 
CXOU J124823 
CXOU J 124824. 
CXOU J124846 
CXOU J124845 
CXOU J124827 
CXOU J124822 
CXOUJ124825 
CXOU J 124822. 
CXOU J 124822. 
CXOU J 124824. 
CXOU J 124823. 
CXOU J 124837 
CXOU J 124847 
CXOU J 124825 
CXOU J 124850. 
CXOU J 124850. 
CXOU J 124821. 
CXOU J 124827. 
CXOU J 124847 
CXOU J 1248 19. 
CXOU J 124826. 
CXOU J 124821. 
CXOU J 124848. 
CXOU J124849 
CXOUJ124851 
CXOU 1124852 
CXOUJ124817. 
CXOUJ124827. 
CXOUJ124828 
CXOU 1124850 
CXOU J 124820 



2-054819 

7- 054640 

8- 054837 

8- 054913 

9- 054650 
4-054737 
.1-054926 
.2-054645 
6-054847 

2- 054628 

1- 054822 
.2-054808 
9-054614 
4-054837 
.0-054704 
.0-054832 
.5-055001 

3- 055008 
6-054635 

6- 054618 
9-054551 
.4-055004 

7- 054922 

3- 055014 
7-055019 
.3-054707 
.4-054901 
.7-055018 
.4-054603 

4- 054725 
0-054711 
.1-054729 
.4-055020 
.5-054808 
.7-055026 
.3-054634 
.0-054925 
.5-054812 
.3-054624 
.8-054853 

3- 055052 
.1-055044 
.6-055057 
.1-054817 
.7-055026 

2- 054955 
.0-055002 

7- 054659 
.7-054625 
.3-054607 
.4-054542 
.7-054523 
.4-054815 
.4-054552 

4- 054840 

8- 054653 

4- 054558 
,8-054954 
.5-054431 
.2-055014 
.4-054533 
.4-054825 
.8-054848 
.5-054926 

5- 055116 
.4-054513 
5-054733 

9- 054433 
4-054552 
.2-055058 
.2-054513 
.1-054548 
.9-054647 
.6-054726 
8-055214 
.4-054326 
.0-054420 
.2-055153 



12 48 41.25 
12 48 35.78 
12 48 30.81 
12 48 32.85 
12 48 38.91 
12 48 41.49 
12 48 34.17 
12 48 39.21 
12 48 41.64 
12 48 33.22 
12 48 29.10 
12 48 43.20 
12 48 32.99 
12 48 28.44 
12 48 29.08 
12 48 28.01 
12 48 37.56 
12 48 36.30 
12 48 29.66 
12 48 30.60 
12 48 35.93 
12 48 32.42 
12 48 28.71 
12 48 34.39 
12 48 34.79 
12 48 27.34 
12 48 27.44 
12 48 32.77 
12 48 41.42 
12 48 26.49 
12 48 45.09 
12 48 26.14 
12 48 40.47 
12 48 25.50 
12 48 39.79 
12 48 27.30 
12 48 27.01 
12 48 46.54 
12 48 27.35 
12 48 46.83 
12 48 34.30 
12 48 40.17 
12 48 35.67 
12 48 24.16 
12 48 28.73 
12 48 26.25 
12 48 26.02 
12 48 23.73 
12 48 24.77 
12 48 46.34 
12 48 45.43 
12 48 27.73 
12 48 22.46 
12 48 25.43 
12 48 22.47 
12 48 22.82 
12 48 24.44 
12 48 23.81 
12 48 37.53 
12 48 47.27 
12 48 25.43 
12 48 50.44 
12 48 50.85 
12 48 21.52 
12 48 27.52 
12 48 47.45 
12 48 19.59 
12 48 26.97 
12 48 21.49 
12 48 48.23 
12 48 49.27 
1248 51.12 
12 48 52.95 
12 48 17.64 
12 48 27.85 
12 48 28.43 
12 48 50.09 
12 48 20.26 



-05 48 19.7 
-05 46 40.6 
-05 48 37.0 
-05 49 13.6 
-05 46 50.2 
-05 47 37.2 
-05 49 26.4 
-05 46 45.6 
-05 48 47.1 
-05 46 28.2 
-05 48 22.0 
-05 48 08.9 
-05 46 14.7 
-05 48 37.7 
-05 47 04.7 
-05 48 32.6 
-05 50 01.9 
-05 50 08.5 
-05 46 35.3 
-05 46 18.5 
-05 45 51.7 
-05 50 04.7 
-05 49 22.1 
-05 50 14.2 
-05 50 19.5 
-05 47 07.8 
-05 49 01.0 
-05 50 18.0 
-05 46 03.2 
-05 47 25.2 
-05 47 11.5 
-05 47 29.5 
-05 50 20.7 
-05 48 08.6 
-05 50 26.4 
-05 46 34.1 
-05 49 25.5 
-05 48 12.3 
-05 46 24.9 
-05 48 53.2 
-05 50 52.0 
-05 50 44.4 
-05 50 57.5 
-05 48 17.3 
-05 50 26.1 
-05 49 55.5 
-05 50 02.4 
-05 46 59.7 
-05 46 25.1 
-05 46 07.8 
-05 45 42.5 
-05 45 23.7 
-05 48 15.9 
-05 45 52.2 
-05 48 40.0 
-05 46 53.1 
-05 45 58.1 
-05 49 54.0 
-05 44 31.1 
-05 50 14.6 
-05 45 33.1 
-05 48 25.3 
-05 48 48.8 
-05 49 26.6 
-05 51 16.8 
-05 45 13.0 
-05 47 33.9 
-05 44 33.1 
-05 45 52.2 
-05 50 58.5 
-05 45 13.1 
-05 45 48.6 
-05 46 47.1 
-05 47 26.0 
-05 52 14.0 
-05 43 26.6 
-05 44 20.5 
-05 51 53.8 



81.79 
81.87 
83.36 
84.40 
85.13 
87.28 
87.75 
91.48 
96.70 
102.43 
103.14 
109.28 
116.14 
116.58 
116.92 
121.40 
122.02 
126.12 
127.44 
130.63 
130.76 
132.75 
133.52 
133.62 
137.96 
138.87 
138.98 
143.30 
145.01 
145.19 
146.45 
149.27 
154.20 
155.22 
155.24 
155.74 
156.38 
159.21 
160.57 
170.91 
171.15 
174.09 
175.04 
175.66 
179.00 
182.96 
189.91 
192.02 
192.49 
193.54 
199.71 
200.12 
200.87 
203.34 
203.72 
207.01 
211.36 
211.98 
212.84 
215.10 
216.14 
218.24 
227.92 
230.35 
231.02 
241.87 
245.00 
248.12 
251.36 
254.68 
261.91 
263.80 
265.50 
274.78 
278.73 
297.57 
306.91 
328.52 



96.62 
122.80 

83.71 
103.92 
105.34 

87.47 
120.66 
112.44 
128.24 
158.44 
104.93 
120.68 
179.73 
116.72 
157.35 
122.21 
187.75 
190.19 
185.20 
196.97 
195.20 
175.51 
140.91 
191.51 
200.48 
178.58 
139.69 
194.59 
175.66 
175.23 
146.45 
177.21 
237.85 
164.99 
240.23 
216.19 
161.08 
176.02 
226.61 
210.15 
247.36 
269.43 
260.53 
183.87 
213.42 
194.93 
203.66 
239.48 
260.34 
203.96 
222.43 
301.51 
211.47 
290.69 
207.48 
259.15 
295.99 
218.02 
309.62 
304.34 
314.90 
245.77 
268.36 
230.45 
284.06 
269.34 
277.40 
378.84 
341.78 
371.02 
283.08 
269.84 
266.19 
313.34 
361.87 
460.47 
346.50 
366.56 



4.21±0.54 
1.61±0.39 

24.61 ±1.23 
1.06±0.34 
0.81±0.29 
3.95±0.55 
2.17±0.43 
3.46±0.51 
0.92±0.32 
6.48±0.68 
0.82±0.30 
4.20±0.55 
4.46±0.58 
0.93 ±0.34 
1.52±0.38 
1.08±0.35 
1.55±0.37 
1.00±0.33 
1.10±0.36 
0.90±0.30 
8.85±0.76 
6.16±0.66 
6.17±0.66 

13.38±0.93 
1.09±0.35 

24.24±1.23 
0.67±0.31 
1.42±0.38 
4.73±0.58 
0.61 ±0.29 
0.74±0.29 
2.09±0.43 
4.69±0.60 
3.95±0.54 
1.27±0.37 
0.77±0.30 

16.47±1.03 
5.58±0.64 
1.94±0.42 

67.37±2.00 

13.18±0.95 
0.73±0.31 
0.76±0.33 
1.16±0.37 
4.77±0.65 
1.63±0.43 
6.89±0.74 

11.18±0.86 
1.47±0.38 
0.86±0.30 

25.34±1.97 
2.09±0.42 

13.81±0.96 
3.94±0.56 
1.83±0.41 
3.56±0.53 
122.27 ±2.73 
0.72±0.36 
2.21±0.75 
6.65±0.70 
0.81 ±0.34 
1.73±0.41 
1.44±0.42 
2.27±0.48 
2.01±0.53 

47.12±3.64 
3.63±0.57 
0.46±0.30 
2.46±0.62 
4.39±0.71 
5.60±1.60 
6.01±1.28 
1.61±0.43 
9.24±1.70 
1.70±0.59 
7.81±1.41 

24.90±2.96 

68.67±2.80 



7.79 
4.14 

19.95 
3.09 
2.84 
7.13 
5.08 
6.75 
2.91 
9.53 
2.74 
7.68 
7.68 
2.71 
4.02 
3.13 
4.13 
3.02 
3.07 
2.95 

11.59 
9.33 
9.36 

14.32 
3.12 

19.72 
2.14 
3.76 
8.11 
2.12 
2.54 
4.91 
7.80 
7.27 
3.45 
2.53 

15.95 
8.74 
4.61 

33.66 

13.94 
2.33 
2.28 
3.18 
7.33 
3.76 
9.27 

12.94 
3.87 
2.89 

12.83 
4.95 

14.43 
7.01 
4.42 
6.74 

44.71 
2.01 
2.95 
9.54 
2.40 
4.21 
3.46 
4.68 
3.83 

12.93 
6.34 
1.51 
3.94 
6.17 
3.51 
4.69 
3.76 
5.43 
2.91 
5.56 
8.41 

24.54 



1.00 
1.00 
1.00 
1.05 
1.09 
1.00 
1.00 
1.00 
1.06 
1.00 
1.14 
1.00 
1.00 
1.09 
1.00 
1.04 
1.00 
1.06 
1.01 
1.08 
1.00 
1.00 
1.00 
1.00 
1.12 
1.00 
1.72 
1.00 
1.00 
1.93 
1.20 
1.00 
1.00 
1.00 
1.01 
1.23 
1.00 
1.00 
1.00 
1.00 
1.00 
1.67 
1.74 
1.03 
1.00 
1.03 
1.00 
1.00 
1.00 
1.10 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
3.51 
1.06 
1.00 
1.26 
1.00 
1.03 
1.00 
1.03 
1.00 
1.00 
5.71 
1.00 
1.00 
1.04 
1.00 
1.01 
1.00 
1.49 
1.00 
1.00 
1.00 



52 
53 



55 
54 
56 

57 

58 
59 

60 



61 

62 
63 
64 

65 



66 

67 
68 



69 
70 



72 
71 



73 
74 



75 
76 



78 
80 
79 
81 
82 

83 
84 



85 
86 



89 
90 
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TABLE 1 — Continued 



Source 






R.A. 


Dec. 


d 


a 


Count Rate 






Paper II 




No. 


Name 




(h m s) 


(° ' ") 


(") 


(") 


(iirV) 


S/N 


^sim 


Source 


Notes 


(1) 


(2) 




(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


156 


CXOU J 124836.3- 


-055333 


12 48 36.38 


-05 53 33.2 


330.81 


496.45 


60.69±2.66 


22.85 


1.00 




e 


157 


CXOUJ124833.8- 


-054206 


12 48 33.87 


-05 42 06.3 


357.43 


542.16 


3.00±1.46 


2.06 


3.36 






158 


CXOUJ124843.8- 


-055416 


12 48 43.81 


-05 54 16.1 


391.81 


606.20 


4.05±1.13 


3.59 


1.12 




b 



NOTE. — The simulated completeness correction factor, c sim , is accurate to 5% for the majority of sources. 

3 Source may be confused with nearby sources, making its position, flux, and extent uncertain.' 3 Source region noticeably more extended than PSF. C Possible cataloged optical 

d e 
counterpart may be the central AGN. Possible cataloged optical counterpart appears to be a globular cluster. Possible cataloged optical counterpart is known to not be a globular 

cluster. Possible cataloged optical counterpart does not appear to be a globular cluster. 8 Possible uncataloged optical counterpart on DSS. Possible radio counterpart. 1 Source may 

exhibit variability. 



TABLE 2 

Optical Properties of Ground-Based Optical Sources Matched to X-ray 
Sources in NGC 4697 



X-ray Source 




Offset 






No. 


Optical Source ( j 


Photometry 


Optical Notes 




( 1 ) 

V 1 ) 


P) 


(3) 


(4) 


(5) 


i 


Center of NGC 4697 


0.5 






8 


2MASS J12483635-0547577 


1.4 


7= 13.1,// > 10.9, K s > 10.7 


Galaxy light may contaminate photometry and PSF-fitting 










Optically extended? 


15 


2MASS J12483692-0548007 


0.6 


/ = 14.4,//= 13.7, K s > 11.7 


Galaxy light may contaminate photometry and PSF-fitting 










Optically extended? 


55 


2MASS J12483648-0548475 


0.2 


/= 16.6,//= 16.2, K s > 14.5 


Galaxy light may contaminate photometry 










Optical point source 


84 


2MASS J 12483420-0549261 


0.5 


/ = 16.0,//= 15.5, K s = 15.1 


Optical point source 




USNO-B1 0841-0238559 


1.0 


B pg ~ 20.2, R pg ~ 19.4, / pg ~ 17.9 


Optical point source? 


117 


USNO-B1 0841-0238601 


0.4 


Bpg ~ 19.1, R p g ~ 19.1 


Optically extended? 








Known AGN (z = 0.696: PaDer III 


118 


USNO-B1 0841-0238561 


1.1 


Bpg ~ 20.1, R pg ~ 19.5 


Optically extended 


149 


USNO-B1 0842-0237849 


0.1 


Bpg ~ 20.7, Rpg ~ 19.6 


Optical point source 


155 


USNO-B1 0841-0238528 


0.1 


Bpg ~ 20.5, Rpg ~ 19.0 


Optically extended? 


156 


Tycho-2 4955-1175-1 


0.5 


B = 11.0, V = 10.2 


Foreground star (BD-05 3573) 




2MASS J12483640-0553335 


0.5 


/ = 9.0.H = S.1,K S = 8.6 






USNO-B1 0841-0238574 


0.5 


Bpg ~ 10.9, R pg ~ 9.8, /p g ~ 9.4 





1 
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TABLE 3 

Optical Properties of HST Sources Matched to X-ray Sources in 
NGC 4697 



X-ray Source 


Offset 






g475 


Z850 


g-z 




No. 


(") 


(pc) 


(AB) 


(AB) 


(AB) 


Notes 


(1) 


(2) 


(3) 




(4) 


(5) 


(6) 


(7) 


7 


o os 

U.UJ 


3.24 ± 


0.18 


9 1 AQ -4- OS 
Z 1 X U.UJ 


90 Al 4- 01 
ZU.40 X U.UJ 


1 06 4- 06 
1 .UO X U.UO 


a. 


1 S 

I J 


o 1 1 

U. 1 1 


2.90 ± 


0.11 


1 n in _|_ n OA 


17 QS 4- 09 

1 / .yj x u.uz 


1 IS 4- OA 
1 . J J X U.UH- 


K 

D 


16 
I o 


06 
u.uu 


1.95 ± 


0.14 


91 10-1-0 OS 
ZJ. 1U X U.UJ 


91 6A 4- f 1 OA 

Zl .DM- X U.UH 


1 47 _|_ 06 
1 .H- / X U.UO 


K 

U 


I 8 

I o 


SO 
u.ou 


2.02 ± 


0.20 


94 s 8 4- 07 
zt.jo x u.u / 


91 1 S 4- 01 
ZJ. 1 X U.U J 


1 An _|_ OS 

1 .H-U X U.Uo 


h 

u 


Z 1 


AA 


2.84 ± 


0.11 


on QS -1- OA 
zu.yj X U.UH- 


1 Q 6S 4- 01 

ly.oo x u.ui 


1 97 4- OA 
1 .Z / X U.U*+ 


U 
D 


zz 


06 
U.UD 

9S 

U.Z J 












f 
1 

f 


24 


10 

U. 1U 


1.95 ± 


0.22 


99 en _j_ n OA 
zz.oy x u.uh- 


91 S6 4- OA 
Zl . JO X U.UM- 


1 11 _|_ 06 
1 .J J X U.UU 


K 

U 


9S 

ZJ 


QS 

U.V J 


5.18±21.24 


96 AA 4- AA 


9A OS 4-016 

ZH.Uo X U. IO 


9 16 4- A7 

Z. JU X U.^t / 


d e 


96 
ZD 


1A 


2.01 ± 


0.19 


91 99 _|_ n 06 
ZJ.ZZ X U.UD 


91 09 j_ n 01 
zi.yz x u.uj 


1 9Q 4- 07 
1 .Ly X U.U / 


u 

D 


1 1 
J 1 


OQ 
U.UV 


1.94 ± 


0.15 


99 19 4_ o 06 

ZZ. JZ X U.UD 


90 QQ 4- 09 
IXi.yy X U.UZ 


1 11 _|_ 06 
1 .J J X U.UO 


D 


1A 


04 


1.47 ± 


0.10 


90 QA 4- 01 

X U.U J 


1 Q S7 4- 01 
iy. J / X U.Ul 


1 i7_|_o 01 

1 . J / X U.UJ 


y 


1Q 


06 


2.69 ± 


0.17 


99 A7 4- 06 

ZZ.M-/ X U.UD 


91 OQ 4- 01 
Zl.U? X U.UJ 


1 10 _l 07 

1 .JO X U.U / 


(-, 


zlO 


30 


1.71 ± 


0.08 


99 70 _!_ o 01 
ZZ. / O X U.UJ 


91 QA 4- 09 

Z 1 . JM- X U.UZ 


1 AS 4- OA 

1 .HO X U.UM- 


[-, 


"4-1 


O OQ 

u.uy 


2.17± 


0.12 


91 cq _(_ o 01 
Z 1 .oo X U.UJ 


90 SO 4- 01 
ZU.oU X U.Ul 


1 OS 4- 01 
1 .Uo X U.UJ 


tl 




6Q 


2.46 ± 


0.23 


91 11 _|_ o OA 
ZJ. J 1 X U.U*t 


99 A7 4- 07 
ZZ.1 / X U.U / 


SA 4- OS 
U.Ot X U.UO 




ZlS 
tj 


87 
u.o / 


0.41 ± 


0.17 


9 a no 4- OA 

ZJ.UU X U.UM- 


1 Q 1 9 _|_ 8S 

17.1ZI U.OJ 


1 on 4_ 8S 

J.oy X U.OJ 


,4 


47 


0Q 


2.70 ± 


0.14 


99 00 _(_ 01 

ZZ.70 X U.UJ 


91 SO 4- 01 

Zl . JU X U.U J 


1 AQ 4_ OS 

1 .H-o X U.UJ 


[-, 


SO 


01 


2.75 ± 


0.11 


90 SA 4- OA 

ZU. JH- X U.UH- 


1 Q 90 _|_ 09 
Ly. Zo X U.UZ 


1 96 4- OA 

1 .ZU X U.UM- 


K 
(J 


S1 


01 


1.88 ± 


0.15 


91 f. 1 x OA 
z 1 .0 1 X U.U4- 


90 9S 4- 09 
ZU.ZJ X u.uz 


1 16 4- OS 

1 . JU X U.UJ 


K 
V 


S9 

JZ 


09 
u.uz 


2.97 ± 


0.13 


99 ^i X OS 

ZZ. J J X U.UJ 


91 19 _i_ 01 

Zl . JZ X U.UJ 


1 9 1 4- 06 

1 .Zl X U.UO 


U 

u 


SA 


0Q 
u.uy 


1.44 ± 


0.31 


9 S 9 S 4- 10 

ZJ.ZJ X U. 1U 


91 77 _|_ 1 1 
ZJ. / / X u. 1 1 


1 AS 4- 1 S 

1 .M-O X U. 1J 


U 

u 


J J 


12 


5.12± 


0.67 


1 01 4- 07 
1 . U 1 xu.u/ 


17 7/; _|_ 11 

1 / ./OXU.1J 


9S 4- 1 S 

U.ZJ X U. 1 J 


C 


S8 

Jo 


09 
u.uz 


1.58± 


0.09 


99 OS 4- 01 

ZZ.UO X U.UJ 


90 78 4- 09 
ZU. /OX u.uz 


1 9Q 4_ 01 
L.jLy X U.UJ 


K 
U 


60 

ou 


9Q 

u.zy 


2.37 ± 


0.10 


99 so 4- 01 
ZZ.oU X U.UJ 


91 66 4- 01 

Zl.DO X U.UJ 


1 1 S 4- OA 


U 



61 

OJ 


IS 
U.J J 


2.37 ± 


0.08 


91 9A 4- 01 
Z 1 .ZH- X U.UJ 


1 Q 8 1 4- 09 
iy .q 1 x u.uz 


1 Al 4- 01 

1 .HO X U.UJ 


u 
u 




71 

U. / 1 


2.08 ± 


0.11 


99 sn 4- 01 

ZZ. JU X U.UJ 


91 96 4- 01 

Zl .ZO X U.UJ 


1 9^ 4_ OA 

1 .ZJ X U.UH- 


k 

u 


6S 

OJ 


AO 


3.51 ± 


0.20 


90 71 4-0 OS 

ZU. / 1 X U.UJ 


10 11 4-0 09 

ly.JL X u.uz 


1 A() 4_ 06 

1 .H-U X U.UO 


h 

u 


66 
DO 


QS 
U. Vo 


2.45 ± 


.07 


91 S 1 4- 01 

Z 1 . J 1 X U.UJ 


90 AQ 4- 1 
Z.U.'-ty X U.Ul 


1 09 4- 01 

1 .UZ X U.UJ 


l\ 


60. 


19 
U. 1Z 


2.98 ± 


.08 


91 ^i J_ 09 
Zl .DJ X U.UZ 


90 6A 4- 09 
ZU.O'H- X U.UZ 


QQ 4- 01 

Vi.yy X u.uj 


'd 


vn 

/ u 


OS 
U.Uo 


2.42 ± 


.09 


9 1 -if. X OA 
Z 1 . / O X U.U4- 


90 81 4-0 01 
ZU.0 1 X U.Ul 


QS 4- OA 
U.yJ X U.UH- 




71 


0.06 


1.90 ± 


.11 


21.71 ±0.04 


20.75 ±0.01 


0.96 ±0.04 


a 


73 


0.05 


3.22 ± 


.57 


23.90 ±0.06 


22.51 ±0.09 


1.39±0.11 


b 


74 


0.19 


2.57 ± 


.18 


20.87 ±0.03 


19.88 ±0.02 


0.99 ±0.04 


a 


75 


0.75 


3.43 ± 


.10 


20.39 ±0.03 


18.99 ±0.02 


1.40 ±0.03 


b 


76 


0.02 


2.10± 


.23 


20. 19 ±0.04 


18.84 ±0.29 


1.35 ±0.29 


b 


77 


0.06 


3.14± 


.16 


21.55 ±0.05 


20.25 ± 0.02 


1.30 ±0.06 


b 


79 


0.11 


2.14± 


.07 


20.68 ±0.03 


19.33 ±0.01 


1.35 ±0.03 


b 


80 


0.04 


1.11 ± 


.14 


23.44 ±0.03 


22.16±0.41 


1.27 ±0.41 


b 


83 


0.11 


1.90± 


.11 


22.54 ±0.03 


21.23 ±0.02 


1.31 ±0.03 


b 


84 


0.06 


0.96 ± 


.20 


19.87 ±0.04 


17.36 ±0.07 


2.52 ±0.08 


d 


86 


0.19 


1.82 ± 


.07 


22. 14 ±0.03 


20.95 ±0.01 


1.18 ±0.03 


b 



a Optical counterpart is a blue GC. Optical counterpart is a red GC. C Optical counterpart rejected as GC since #475 -zgso < 0.5. Optical counterpart rejected 
as GC since g4is —zgso > 1-9. Half-light radius is poorly constrained. Therefore, we have used aperture based photometry. The (g— z) color suggest this source 
is not a GC. Multiple nearby optical counterparts prevented KINGPHOT analysis. 
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TABLE 4 

Fits to the Expected Number of LMXBs per GC (A) 



Row 



--AM<*(Z/Z Q ) 

P 



Hr) 5 or A =AT e (Z/Z Q f 
6 



e 


1l> 


A d 


[0] 


-101.16 





[0] 


-87.41 


j 


[0] 


-95.97 


1 


[0] 


-94.62 


1 


[0] 


-97.27 


1 




-77.75 


1 


0.87f» 


-79.95 


1 


[0] 


-76.25 


2 


[0] 


-79.05 


2 


[0] 


-81.89 


2 


[0] 


-90.76 


2 


[0] 


-90.48 


2 


0.78^ J| 


-75.17 


2 


n 7q+o:ts 


-74.97 


2 


[0] 


-75.73 


2 


[0] 


-75.51 


2 


[0] 


-74.59 


3 


[0] 


-74.32 


3 



1 

2 
3 

4 a 

5" 
6" 



9 b 

10 

ll a 

12 b 

13 a 

14 b 

15" 

16 b 

17" 

18 b 



[0] 

99+° 21 

[0] 
[0] 
[0] 
[0] 

[0] 

1 7C+0.29 

2 31+0.30 

97+8$ 
"•''-0.20 

[0] 

[0] 

[0] 

[0] 
1.34+0" 

1.35+ 
1.14* 
1.15 



[0] 
[0] 

39+° 15 
"•■"-0.14 

[0] 
[0] 
[0] 
[0] 
[0] 
[0] 

0.48^,1 

0.37* 

0.49+017 

0.37*^ 

o 5o+8:i2 

u - ,u -0.18 
37+ - 20 

50* 8 

32 +8 il 
-QiS 
0.49+' 



[0] 
[0] 
[0] 

-2 02+ 58 
-155+"" 

-0.59 
[0] 

[0] 

_a -jc+0.79 
-"• JJ -0.87 

_t in+0.88 
J y -0.99 
[0] 

-I 76+ 057 
1 -'°-0.58 
i 70+O.57 

[0] 

[0] 
[2 -3a] 
[2 -3a] 

-2 74+0.79 



d Parameters calculated assuming r-r h and F oc M 3 / 2 (r h ) 5 / 2 . b Parameters calculated assuming r = r' h and T oc M 3 / 2 (r' h ) 5 / 2 . 



DEEP OBSERVATIONS OF LMXBS IN NGC 4697 25 

TABLE 5 

Instantaneous Luminosities of X-ray Sources 



Source 


L A 






Lc 


L D 




L E 


(1) 


(2) 




(3) 


(4) 


(5) 




(6) 


I 


40. 3± 


4.1 


32.6±4.0 


34.1+4.2 


36. 2± 


4.6 


35 3+4 


2 


6.6± 


2 


10 7±2 6 


8 9±2 5 


10 4± 


2.8 


5.8+2.0 


3 


2.5± 


1.6 


3 6± 1 7 


3 5+1 § 


6 4± 


2 3 


3 9± 1 8 


4 


1 1 .6± 


2.5 


7.4±2.2 


11.8±2.8 


97+ 


2.8 


12.5+2.6 


5 


7.1± 


2.1 


9 4-1-2.4 


1 3 6+3 

1 -J.U_I l.\J 


10.4+ 


2.8 


10.6±2.5 


5 


3.4± 


i ^ 


5.9±2.() 


6.3±2.2 


4.7+ 


2.1 


0.9+ 1 .2 


7 


21. 5± 


3.1 


22.3±3.3 


1 7 6+9 o 


21 .8+ 


3.7 


15.0+2.8 


8 


1.8± 


1.4 


2.1±1.6 


3.5±1.7 


1.1+ 


1.7 


1.2+1.3 


9 


5.7± 


1.9 


1.1±1.3 


1 .4± 1 .6 


3.5+ 


1.9 


6.5+2.0 


10 


20. 3± 


3.1 


18.0±3.1 


23.5+3.7 


14 7+ 


3.1 


14.7+2.8 


11' 


10. 7± 


2.4 


12.1 ±2.6 


1 1 .6±2.7 


12.9+ 


3.0 


3.2+ 1 .5 


12 


5.5± 


1.9 


I 8+1 4 


3 4±1 7 


5.6+ 


2 2 


4 3±1 8 


13 


6 8+ 


z.u 


a 3 + 1 7 


3 5+1 8 
J. JI 1 .0 


4 5+ 


2 1 


9 Q+1 5 

Z. JZE I . J 


14 


4.9± 


1.8 


5.2± 1 .9 


6 8±2 1 


5.3+ 


2 2 


2 7± 1 5 


1 s 

i j 


18 6± 


9 Q 


1 < 9-1-9 8 
i j.zmz.o 


17 0±3 1 


9 9+ 


9 8 

Z.O 


1 Q 9+9 
i j.zmz.o 


1 ^ 
1 o 


4 3+ 


1 7 


3 9+ 1 


i A+ 1 A 


A 1 + 


9 1 
Z. 1 


% a+i 7 


1 7 


1 5± 


1 2 


1 6-1-1 4 


7+ 1 1 


9 1 + 
z. im 


1 7 


7+ 1 1 


18 


2.5± 


1 4 


0.4±0.9 


0.0±1.0 


3+ 


1 i 


0.6± 1 .0 


19 


13 6± 


2 6 


7.2±2.2 


5.5+2.0 


12.1 + 


2 9 


8.1+2.2 


zu 


5 1 + 


1 s 

1 .0 


9 9-1-1 5 


3 3±1 6 


9 fl+ 


1 6 
1 .o 


'J 3+1 7 


9 1 
z 1 


pi i + 


ft 8 

u.o 


1 1+19 


1 Q+1 A 


n ^+ 


1 A 
1 .4 


Pi ^+1 Pi 


92 


3 PI+ 




9 Pl+1 4 


7 £+1 £ 


1 4+ 


l.J 


4 0+1 8 

H.U^ 1 .O 


23 


-0.2± 


0.9 


_q 3+0.8 


_0 .3+0.9 


0.2± 


1.1 


4.9+1.8 


24 


1 .5± 


1.3 


1 .2± 1 .3 


0.1 ±1.2 


2 o± 


1.7 


0.9+ 1 .2 


9S 

ZJ 


1 6 Q+ 


9 8 

Z.O 


3 n-t- 1 6 


7 Q+l £ 


6 5+ 


9 1 

Z.J 


7 5+9 1 
/ . jmz. i 


26 


0.3± 


1.2 


3.5±1.6 


_0 7+() 9 


0.9+ 


1.4 


-0.3+1.0 


27 


2.3± 


1.5 


2.3±1.5 


3.3+1.8 


3 6± 


1.9 


4.0+1.7 


28 


3.7± 


1.7 


1.5±1.3 


-0.3+1.0 


2.1+ 


1.6 


1.9+1.4 


29 


10. 7± 


2.3 


14.2±2.8 


13 6+2.8 


13 6+ 


3.0 


9 .9+2.4 


30 


4.9± 


1.7 


2. Oil. 4 


2.7+1.6 


3.9+ 


2.0 


2.9+1.5 


31 


18. 8± 


2.9 


22.0±3.3 


28. 1 ±3.8 


29. 8± 


4.2 


19.1+3.1 


32 


24. 3± 


3.3 


26.4±3.6 


20.8±3.3 


22.4± 


3.7 


23.7+3.4 


33 


1.6± 


1.5 


1 1 ± 1 1 


15+14 


0.5+ 


1.3 


-0.1+0.9 


34 


8.2± 


2.4 


6 5-1-2.0 


3.5+1.8 


99+ 


2.8 


6.7+2.1 


35 


10.5± 


2.2 


1 1.8±2.5 


12.6±2.7 


12.4+ 


2.9 


6.8±2. 1 


36 


0.3± 


1.1 


1.4±1.3 


11 + 13 


0.8+ 


1.3 


0.9+ 1 1 


37' 


0.0± 


0.7 


0.3±0.9 


0.0±1.0 


11+ 


1.4 


8.6±2.3 


38 


0.8± 


1.3 


1.2±1.3 


1.5+1.4 


2.8± 


1.8 


3.0+1.5 


39 


38 9± 


4.0 


i o 3+3 n 

1 O .JlJ .\> 


17 0±3 1 


20 1± 


3.5 


20 5±3 2 


40 


2.7± 


1.5 


0.9±1.2 


1 .9± 1 .4 


0.2± 


1.1 


1.7+1.3 


41' 


n 9+ 

u.zm 


U.O 


4 Q+1 Q 


3 7+ l 7 


9 6+ 


1 7 


9 5+1 5 


42 


10. 8± 


2.3 


9.6±2.3 


10.5+2.5 


H6+ 


2.8 


10.2±2.4 


43 


0.7± 


1.2 


0.3±0.9 


0.8± 1 1 


09+ 


1.4 


0.7+ 1 .0 


44 


l.()± 


1.3 


2.5±1.5 


3.2+1.7 


2.3+ 


1.6 


1.8+1.4 


45 


7.4± 


2.0 


0.1 ±1.0 


0.1 + 1.0 


03+ 


1.1 


-0.1 ±0.7 


46 


8.0± 


2.1 


6.6±2. 1 


10.3+2.5 


8 1+ 


2.4 


10.1+2.5 


47 


1.6± 


1.2 


1.5±1.3 


0.7+1.1 


1.4+ 


1.5 


0.6±1.0 


48 


8.5± 


2.4 


4.2±1.8 


5.4+2.1 


4.8+ 


2.2 


6.8±2.0 


49 


16. 1± 


2.9 


9.8±2.5 


9 2+2.6 


12. 6± 


3.1 


1 1 .9±2.7 


50 


4.9± 


1.8 


I oil 4 


2.8+ 1 .7 


2.6± 


2.0 


1 7±1 4 




3 4+ 


1 6 


< 9-1- 1 Q 


7 A+7 3 


ft 3+ 


1 3 


—0 1±0 8 


52 


10 8± 


2.3 


1 3 7±2 7 


14 1±2 9 


6.0± 


2 2 


12 1±2 6 




1 7+ 


1 4 


4 8± 1 8 


3±1 


3 7+ 
o. i in 


2 


1 8± 1 3 


54 


62. 3± 


5.0 


61.4±5.3 


55 4+5 3 


61.3+ 


5 8 


48 8±4 6 


j j 


8 Q+ 

O. JZE 


2 2 


o i +7 7 


10 7±2 6 


s ft+ 


2 5 


1 9 3+9 5 


56 


4.7± 


1 7 


4 0± 1 7 


5 2±2 1 


13+ 


1.5 


2 1±1 4 


57 


6.1± 


1.9 


7.0±2. 1 


6 6+2. ] 


7.4+ 


2.4 


7.5+2. 1 


58 


58. 9± 


4.8 


53 O-I-4 9 


59 .1+5 .3 


62. 2± 


5.8 


66 3±5 4 


59 


0.5± 


1 1 


1.4±1.3 


2.5+1.5 


4.2+ 


1.9 


0.3+0.9 


60 


-0.2± 


0.7 


0.5±1.1 


_0.i+i.i 


_0.5+ 


1.0 


3 2±1.6 


61 


14. ()± 


2.6 


18.1±3.1 


18.9+3.4 


20. 2± 


3.6 


17 1+2.9 


62 


1.6± 


1.2 


l.()±1.2 


0.4+1.0 


0.2± 


1.2 


1.4+1.2 


63 


20.4± 


3.0 


33.2±4.0 


29.5+4.0 


30. 2± 


4.3 


27.0±3.6 


64 


0.1± 


0.8 


2.9± 1 .6 


1.4+1.4 


0.2± 


1.3 


0.9+1.1 


65 


1.2± 


1.2 


1.5±1.2 


0.4±1.0 


0.9± 


1.2 


1.4±1.2 


66 


9.2± 


2.2 


10.7±2.5 


9.5±2.5 


11. 4± 


2.8 


8.8±2.2 


67' 


-0.3± 


0.7 


6.0±1.9 


12.2±2.7 


8.6± 


2.6 


6.1 ±2.1 


68' 


10.4± 


2.3 


13.8±2.7 


23.1±3.5 


-0.1± 


0.9 


4.5±2.0 


69 


15.1± 


2.6 


19.0±3.3 


10.1 ±2.7 


12.1± 


3.1 


13.8±2.7 


70 


3.4± 


1.5 


3.6±1.8 


0.4±1.() 


0.8± 


1.3 


2.4±1.5 


71 


4.3± 


1.6 


5.8±1.9 


5.6±2.0 


5.0± 


2.0 


4.8±2.1 


72 


6.1± 


2.6 


1 .4± 1 .9 


4.3±2.8 


4.3± 


2.9 


1.3±1.8 


73 


12.3± 


3.5 


11.2±3.6 


10.0±3.6 


9.4± 


3.8 


17.2±4.1 


74 


3.6± 


1.5 


1.5±1.2 


1.1±1.2 


1.7± 


1.5 


1.0±1.1 



SIVAKOFF ET AL. 

TAB LE 5 — Continued 



Source 


L A 




Lb 


L c 


L D 




L E 


(1) 


(2) 




(3) 


(4) 


(5) 




(6) 


75 


5.4i 


1 7 


3.6± 1.7 


3.6il.8 


2.6i 


1 7 


10.7i2.4 


76 


6.3zb 


1.9 


5. lil. 9 


8.6i2.5 


4.4i 


2.0 


3 7zb 1 7 


/ / 


— n 14- 

U. JIC 


n 7 

u. / 


7i 1 1 


74-7 6 

!?.ZICZ.O 


^ 44- 


2 2 


R4-7 Q 

J . ZC Z . 3 


78 
/ 


14 Q4- 


9 6 
z.o 


1 44-1 6 

J.MZC 1 A) 


9 S4-1 S 

Z. JIC 1 .J 


1 94- 


1 8 


4 Oil 7 


7Q 

/ J 


1 74- 
1 . / IC 


1 2 


S S4-1 Q 
3 . J zl 1 . y 


1 04- 1 4 
1 .yic 1 .^t 


9 04- 

Z.UIC 


1 6 
1.0 


_0 14-1 
U. JZC 1 .u 


OU 


10 14- 

JU. JZL 


1 6 

J.O 


1Q 04-4 1 
3 AUZCM-.J 


^ 04-4 9 

JJ.UjI'r.Z 


10 44- 


4 1 

L r. 3 


40 14-4 9 


8 1 
1 


D 64- 
u.uic 


I I 


9 44-1 6 


9 74-1 6 
Z. / IC 1 .0 


1 S4- 

1 .JIC 


1 s 

1 .J 


74-1 1 
u. / zc 1 . 1 


89 

oZ 


n Q4- 
u.yic 


I I 


1 Q_|_1 ^ 


44-1 


Q4- 

V/. JZLL 


1 2 


1 S4-1 1 

1 .JIC 1 .J 


81 


1 1 4- 
j. 1 ic 


1 C 
1 .J 


/ . JZLZ.Z 


•H-.ZlC 1 .y 


S 84- 

J.OZL 


9 4 
z.^ 


7 Q-U7 1 
/ . JztzZ. 1 




4 94- 

M-.ZIC 


1 6 

1 .0 


9 44-1 ^ 

Z.M-ZL 1 .J 


1 14-1 4 

1 . 3ZC 1 .M- 


4 94- 

t .ZIC 


9 

Z.U 


9 04-1 S 

Z. ^ZC 1 .J 


85 


4.4zb 


1.7 


6 .3±2.0 


4. Oil. 8 


2.7i 


1.8 


6.5zb2.0 


86 


1 .5zb 


1.2 


0.5±1.2 


1 .9zb 1 .4 


l.li 


1.4 


1 .5zb 1 .2 


87 


12 3i 


2 4 


7 2i2 1 


7 lzb2 2 


9.5i 


2.6 


8 4zb2 5 


88 


7i 


0.9 


1 8il 5 


lil 


1.3i 


1 4 


1 9il 3 


89 


6.2i 


1.9 


5 lil 8 


5 7i2 


4 4i 


2 


7.8zb2. 1 


90 


4.5i 


1.8 


4 5zb 1 8 


8 lzL2 3 


10 2i 


2 7 


4 7il 9 


91 


1.8i 


1 3 


1 lil 2 


9il 4 


l.li 


1 7 


1 5il 3 


92 


3.3i 


1 5 


2 2il 4 


2 Oil 6 


2 3i 


1 6 


9zb 1 1 


93 


0.3i 


1 


1 lil 2 


2. lzb 1 .5 


3 9i 


2 1 


1 Oil 1 


Q4* 


n 74- 
u. / ic 


1 n 


D 14-0 Q 


O 1 4-0 8 
— U. 1 ZCU.fi 


1 74- 
3. 1 ZtL 


9 
Z.U 


f. «:_i_7 

O . J ZtZ z . u 


7 j 


1 3i 


1 2 


1 04-1 9 
1 .UZL 1 .z 


2 4zb 1 7 


1 64- 

1 .OIC 


1 6 

1 .u 


Q4-1 1 
u. ^zc 1 . 1 


96 


1 .4zb 


1 2 


1 5il 3 


2. Ozb 1 .6 


1.2i 


1 7 


1 8il 4 


Q7 

y l 


1 04- 
j.uic 


1 4 


1 2il 2 


—0 liO 8 


2i 


1 2 


1 7il 4 


QS 
y 


1 7 44- 


9 7 
z. / 


^ 64-9 
o.uznz.u 


1 74-7 ^ 

1U.ZICZ. J 


Q 64- 


9 6 
z.o 


1 ^ 84-1 

ID.olC J.U 


QQ 


8 64- 

O.UIC 


2 1 


1 9 S4-9 7 
iz. jznz. / 


A 74-7 n 

"4. / ICZ.U 


7 Q4- 


9 S 

Z.J 


Q 1 4-9 1 

J . 1 ZCZ. 3 


1 no 

1UU 


8 1 4- 
0. 1 ic 


2 1 


64-9 1 
o.uznz. 3 


f. Q4-7 1 
u.yicz. J 


Q Q4- 


9 8 
z.o 


Q Q4-7 Q 
?.?ICZ. J 


101 


18. 8i 


2.9 


15.0zb2.9 


17.0i3.2 


29. Oi 


4.3 


15.5zb2.8 


102 


l.li 


1.3 


1 .2zb 1 .3 


2.8il.6 


1.3i 


1.6 


1.5il.2 


103 


3 1 .4zb 


3.6 


34. 1 ±4. 1 


39.6zb4.6 


41 .3zb 


5.0 


27.0i3.6 


104 


-0.2zb 


0.8 


O.Ozb 1 .0 


-0.3zb 1 . 1 


-0.3i 


1.0 


5.2zb 1 .9 


105 


1 .9zb 


1.3 


0.8zb 1 .2 


1 .4zb 1 .4 


2.7i 


1.9 


3_2zb 1 .6 


106 


9.8i 


2 2 


7 lzb2 1 


5 7i2 


4 Oi 


1 9 


5 5i2 


107 


0.6zb 


9 


1 2il 3 


1 6il 4 


—0 2i 


1.2 


1 lzb 1 2 


108 


Oi 


7 


8il 


7il 1 


().6zb 


1 3 


3 lil 7 


109 


2 9i 


1 5 


3 1 zb 1 6 


3 Oil 6 


4 6i 


2 1 


1 6il 3 


1 io l 

1 1U 


—0 94- 
u.zic 


1 


—0 4i0 8 


0i 1 2 


2zb 


1 2 


32 5i4 


1 1 1 


4.9zb 


1 7 


4 3il 8 


4 Oil 8 


5.3zb 


2 2 


9 0i2 2 


1 12 


2.1i 


1.4 


1 9il 4 


1 7il 5 


2.5i 


1 7 


8il 


113 


1 .6zb 


1 3 


8zb 1 1 


1 lzb 1 3 


().9zb 


1.5 


9zb 1 1 


1 14 


26 7zb 


3 4 


25. 1 ±3.6 


19 7i3 4 


29. 4i 


4.3 


15.6i2.8 


1 15 


3 8i 


1 7 


1 1 2zb2 5 


9.2zb2.5 


6.5i 


2.3 


8.6zb2.3 


1 1 6 

1 ID 


9 04- 
z.yic 


1 4 


1 2il 4 


4 84-7 

M-.olCZ.U 


2 2i 


1 8 

1.0 


9 S4-1 S 

Z. JZC 1 .J 


117 


96. 3i 


6.1 


127.4i7.4 


81.7i6.3 


40. Ozb 


4.8 


1 17.9i7.1 


1 18 


22.3zb 


3.3 


15 .5i2.9 


14.3i3.0 


20. lzb 


3.7 


19.8i3.2 


119 


1 .5zb 


1.3 


2. lzb 1 .4 


-0.3zb 1 . 1 


().9zb 


1.5 


0.8zb 1 .0 


120 


-0. lzb 


1.0 


2.3il.5 


2. lil. 6 


1.6i 


1.7 


-0.2i0.8 


121 1 


A S4- 

D. JIC 


1.0 


_0 14-1 1 
u. jzn 1 . 1 


fi Q_|_1 % 
U. ^ZC 1 .3 


—1 04- 

i .UIC 


1 4 


44-0 Q 

U.M-ZCU. J 


122 


1 1 2i 


2 4 


9 14-1 7 

Z. 3ZC 1 . / 


f; S4-9 9 

O. JZCZ.Z 


^ 74- 

J. / IC 


2 4 


f. 64-1 

U. UIC J.U 


191 


1 S4- 
1 . jic 


1 1 


9 64-1 7 
z.ozn 1 . / 


a 04-1 Q 
j.uic 1 .y 


9 S4- 

Z.J^ 


1 Q 


9 04- 1 S 

Z.UIC 1 .J 


124 


1 9 64- 


9 6 

Z.U 


1 7 04-9 7 
iz.uznz. / 


1 1 4-9 S 

/ . 1 ZCZ. J 


Q 44- 


2 1 


5 8zb^ 2 


19S 

1ZJ 


1 6 14- 
iu. jic 


2 7 


1 j.zznz.y 


1 < 04-1 


22.4i 


3.8 


10 8zb^ 4 


126 


9 94- 
z.zic 


1 1 
1 . 3 


9 04- 1 S 

Z.UZC J .J 


1 64-1 4 

1 .OIC I 


4.1i 


2.1 


84- 1 9 
u.ozc 1 .z 


1 97 

1Z / 


n 74- 

U. / IC 


Q 

yj.y 


1 04- 1 9 
1 .uzn 1 .z 


44-1 

U.M-ZC 1 .U 


l.Oi 


1.4 


7 84-1 6 
Z.OZC J .u 


128 


14 S4- 

JZL 


1 7 
J. / 










35 3zb4 2 


19Q 

IZ7 


9 74- 
z. / zjz 


1 4 


a 7_l_ 1 7 

3. 1 in 1 . / 


1 S4-1 4 

1 .JIC 1 .M- 


3.8i 


1.9 


2 9i 1 6 


1 10 


97 14- 

Z / . JIC 


1 4 


21 2i3 3 


1 a <4-7 

1 3 . 3 ZtZ Z . ^ 


20.0i 


3.6 


1 7 Q4-7 7 
iz.yicz. / 


1 1 1 


1 S4- 

J. JIC 


1 6 


2 Ozb 1 5 


5 6i2 1 


5.4i 


2.3 


1 1 14-7 6 

1 1 . JZCZ.O 


1 "39 

1 JZ 


S 1 4- 

j. 1 m 


1 8 

l.o 


1 S4-1 4 


44- 1 7 
U."4lC 1 .Z 


1.7i 


1.7 


7 Q_l_ 1 C 
Z.VZL 1 .J 


1 11 


7 94- 

/ .ZIC 


2 


9 44-1 S 

Z.M-ZC 1 .J 


< 04-9 


7.3i 


2.5 


114-16 

J. 1 ZC 1 A) 


1 14 


154.0i 


7.6 


1 y3.\)ZL.y. L r 


171 04-Q 1 
ill .vzuy.3 


181.2il0.1 


1UJ. JICo. J 


1 IS 


0.4i 


1.2 


S4-1 1 


1 lzb 1 4 


O.Oi 


1.4 


4 94j9 6 


1 16 


3.2± 


1.5 










9 64- 1 6 
Z.UZC 1 A) 


1 17 
1 3 1 


9.8i 


2.3 


1 44-9 ^ 

1 U.M-ZLZ. J 


7 £-1-7 1 

/ . O ZL Z . 3 


8.3i 


2.6 


1 14-9 
1U. JlCZ. J 


1 18 

1 JO 


1.0± 


1.0 


z.ozc 1 .0 


44-1 9 
U.^+IC 1 .z 


0.8i 


1.5 


64-1 S 

U.UZC 1 .J 


1 1Q 


3.5i 


1.5 


114-11 

1. licit J 


1 Q4-1 8 

3. JZLL I .0 


2.5i 


1.8 


1 04-1 1 

1 .UZC 1 .J 


140 


5.2i 


2.8 


64-1 9 
u.ozc 1 .z 


a 04-1 8 


2.1i 


1.9 


84-1 9 
U.OZC 1 .z 


141 


4.6i 


1.9 


1.7il.6 


3.2il.8 


2.0i 


2.1 


4. 1 zb 1 .7 


142 


5.4i 


1.9 


1.4il.4 


2.9iL9 


0.8i 


1.5 




143 


71.2±17.5 










66.6i5.5 


144 


3.9i 


1.7 


2.0±1.7 


7.9i2.7 


2.0i 


2.0 


8.7i2.2 


145 


0.8i 


1.0 


1.9il.4 


-0.6il.l 


0.2i 


1.2 


0.8il.4 


146 


3.9i 


1.6 


5.2i4.2 


3.9i3.9 


1.5i 


3.7 


2.4il.6 


147 






2.4zbl.6 


4.4i2.0 


13.7i 


3.2 


6.3i2.7 


148 














8.2i2.3 


149 


7.6i 


2.8 










8.5i2.5 


150 


3.5i 


1.6 


1.3il.3 


1.7il.5 


1.8i 


2.0 


2.4±1.7 
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TABLE 5 — Continued 



Source 


La 




Lb 


Lr 


Ld 




Le 


(1) 


(2) 




(3) 


(4) 


(5) 




(6) 


151 


11.5± 


2.4 










11.6±5.4 


152 


0.4± 


1.7 


1.9±1.7 


1.9±1.8 


5.7± 


2.5 




153 


14.8± 


3.3 










7.0±2.4 


154 














36.5±4.3 


155 






89.1±6.6 


95.8±7.1 


121.6± 


8.4 




156 






117.1±7.5 


66.9±6.2 


82.9± 


7.2 




157 














4.5±2.2 


158 






5.9±3.0 


8.5±3.4 


3.0± 


3.4 





NOTE. — Individual luminosities (in units of 10 37 ergss _1 ) of Observations 0784, 4727, 4728, 4729, 4730 are indicated by L A , L B , L c , L D , and L E , 
respectively. 



SIVAKOFF ET AL. 

TABLE 6 

Combined Luminosities & Hardness Ratios of X-ray Sources 



Source Not Detected Not in FOV L. M 

(1) (2) (3) (4) 



(5) 



(6) 



ff32 all 

(7) 



1 




35.8±1.8 


2 


ABCDE 


8.4±0.9 


3 


ABCDE 


3.9±0.7 


4 


B 


10.6±1.0 


5 




lO.lil.O 


6 


AE 


4.1 ±0.7 
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DEEP OBSERVATIONS OF LMXBS IN NGC 4697 

TABLE 6 — Continued 



Source 


Not Detected 


Not in FOV 


^all 
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(2) 


(3) 


(4) 


66 






9.8±1.0 


67' 
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6.2±0.8 
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SIVAKOFF ET AL. 

TAB LE 6 — Continued 



Source Not Detected Not in FOV 



(1) 


(2) 


(3) 


(4) 


132 


BCDE 




2.6±0.6 


133 


B 




5.0±0.7 


134 






171.7±3.8 


135 


ABCD 




1.0±0.5 
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BCD 


2.9±1.0 
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9.4±1.0 
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ABCDE 




1.1 ±0.5 
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BDE 




2.4±0.6 
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6.0±1.7 



(5) 



mil 

(6) 



#32", 
(7)" 



-0 24+ 021 
u - -0.20 

+0.144}' 

-0-6411 
+n sfi+ - 44 

+U.30 „ 9 „ 

-0 27+ 81 ' 
-Plfl 

-0 30 +T i8 
-Q-ZQ 

_().! 3+024 

-0 23+°^° 
u -0 23 
_ 5 ()+o:T9 

HUG 
_ 4Q+0.24 

+0.03+ J 
+0.13+°- 7 
+0.39»| 

-0.10+016 

+1.00+H 

-0 06+<> : -* 

+0 4fi+" 

-0 23+°' 16 
"■"-0.16 

+0 22+ 48 
-t-u.zz_fl.36 

+u.ou„ 23 
-0.15+ 013 

-0.79*® 

+o.o5+°- 55 

+0.99 



Ml 

-0.45 



-0 50+ 021 

-048 

-0-064I 

+0.60!*°, 

-0.78»1 

+0.90+*" 

-0.38+J 

+0 70+0-30 

-0 42+0 -6 

u -^ y -0.23 
-0 52+ 018 

m 

-0.22 
-0 65+ 006 

-0.17 



-0.47+ 



Ml 



+0.58 

+u - -0.33 
-0 66+°' 15 

-oja 

+1 00 +il ™ 

-0 33+ 8 - 26 
-fl.22 

-0 36 + °$ 
-0 65+ 017 
-0.304.51 



+0.51 
-0.37 



-0.27 
+0.13 

Mi 



-0.30: 

-1 00 +ii:ii ' 

-Q-Qfl 

-0.13; 

+0.98 



M\ 



-o.i9t!i 

-0 03+ - 02 

-°- 28 -o:72 

+0.68+O; 2 ' 

-o i2+° t2 

■M).33 
_ 03 ,+0.25 

-0 29+0- 3fi 
_n 03+°-27 

3 +f!:i 

-0.33 
+0.09 



+0.83+ 



-0.09 
-0.37 



—0 20+°- 16 
-Q -15 

+0 49+0-51 
-fl-5.4, 

+n 02+°- 22 

-0 60+°- 15 
-014 
+0.43_o| 

-0.27+" z ' 

_ 071 +M 

_n 49+0.20 

-0 49+0-31 
-0-33 
-0 14+0-16 

u - w -o.is 
-0.24+0- 13 

-0.28+? : ^ 



-().< 
-0.18+ 
-0.22+ 



7 -o.oi 



NOTE. — Observations 0784, 4727, 4728, 4729, 4730 are indicated by A, B, C, D, and E, respectively. If an observation is listed in the "Not in FOV" 
column, it means the source was not in the S3 FOV for that observation, and thus could not possibly be detected. If an observation is listed in the "Not Detected" 
column, it means the source was in the FOV for that observation, but was not detected by WAVDETECT in that individual observation. Sources with ABCDE in 
the "Not Detected" were not detected in any individual observation, only in the combined sum of the observations. Luminosities are in units of 10 37 ergs s -1 . 
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X-ray Spectral Fits of Point Sources in NGC 4697 
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We abbreviate L x / 10 38 erg s" 1 in the 0.3-10 keV band as L 38 b Units are 10~ 13 erg cm" 2 s" 1 in the 0.3-10 keV band. c The adopted best-fit model for LMXBs. 
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